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ABSTRACT

Objective: The overall objective is to develop structure-metabolism relationships
(SMRs) between UGTs and flavonoids for predicting glucuronidation of flavonoids. The
goals of this research project were to: 1) identify the major UGT isoform(s) contributing
to the glucuronidation of flavonoids and predicting the major organ of metabolism; 2)
establish the substrate-selectivity and regiospecificity of these major UGT isoform(s); 3)
develop the in silico prediction models for UGT 1A8 and UGT1A9 using pharmacophore
and 2-D/3-D QSAR modeling techniques; 4) study the effect of change in backbone on
the disposition of flavonoids in Caco-2 cells; 5) study the rate-limiting role of efflux
transporters in the disposition of flavonols in Caco-2 cells; and 6) study the regiospecific

disposition of flavones in Caco-2 cells.

Method: For objectives 1 and 2, in vitro recombinant human UGT isoforms
glucuronidation model was used. For objective 3, in silico pharmacophore and 2-D/3-D
QSAR modeling was used along with in vitro glucuronidation intrinsic clearance values
in recombinant human UGT isoforms. For objectives 4, 5 and 6, intact Caco-2 cell
monolayers was used as the transport model, and Caco-2 cell lysate was used for

measuring glucuronide formation rates.

Results: 1) To identify the major UGT isoform(s) contributing to the glucuronidation of

flavonoids and predicting the major organ of metabolism, we found that flavonoids were



mainly glucuronidated by UGT1A1, 1A8 and 1A9 at the substrate concentration of 2.5,
10 and 35uM. 2) To establish the substrate-selectivity and regiospecificity of these major
UGT isoform, we found that UGT1AL showed no regiospecificity for glucuronidating
any position, whereas, UGT1A8 and UGT1A9 showed either dominant, preferred or
weak regiospecificity for 3-O or 7-O position, depending on the structure of the
compound. In general, the addition of hydroxyl group at C-4’ reduced, whereas the
addition of hydroxyl group at C-5 and/or C-7 improved the rates of glucuronidation of
flavonoids by UGT1A8 and 1A9. On the other hand, the rates of glucuronidation by
UGT1AL1 reduced as number of hydroxyl group in the structure increased. 3) To develop
the in silico prediction models for UGT1A8 and UGT1A9 using pharmacophore and 2-
D/3-D QSAR modeling techniques, we found that pharmacophore-based semi-
quantitative SMR models for UGT1A9 with >75% predictive ability could be developed.
But neither semi-quantitative SMR models for UGT1A8 nor the quantitative SMR
models for UGT1A8 and UGT1A9 could be successfully developed. 4) To study the
effect of change in backbone on the disposition of flavonoids in Caco-2 cells, we found
that the change in backbone impacts the excretion of flavonoid sulfates more significantly
than the excretion of their glucuronides except for genistein. 5) To study the rate-limiting
role of efflux transporters in the disposition of flavonols in Caco-2 cells, we found that
excretion of flavonol glucuronides in Caco-2 cells were not limited by efflux transporters
and glucuronides of flavonols showed basolateral preference in their excretion. 6) To

study the regiospecific conjugation of flavones in Caco-2 cells, we found that both



glucuronidation and sulfation of flavones mainly happened at hydroxyl group at C-7

position.

Conclusion: UGT1A9, UGT1A8 and UGT1AL are the most important isoforms that can
glucuronidate vast majority of tested flavonoids. Based on published UGT isoform
expression pattern in human liver and intestine, they should serve as the major first-pass
metabolism organs for flavonoids. UGT1A8 and UGT1A9 showed regiospecificity for 3-
O or 7-O position, depending on the structure of the compound, whereas UGT1Al
showed no regiospecificity. Also, the addition of hydroxyl group at C-4’ reduced,
whereas the addition of hydroxyl group at C-5 and/or C-7 improved the rates of
glucuronidation of flavonoids by UGT1A8 and 1A9, with rare exceptions. In contrast, the
rates of glucuronidation by UGT1Al reduced as number of hydroxyl group in the
structure increased. Isoform-specific semi-quantitative Pharmacophore-based 3-D SMR
prediction models could be developed for UGT1A9 with the predictive ability of more
than 75%, but more efforts are needed to develop better quantitative models of
prediction. We also probed the SMR experimentally using the Caco-2 model, and the
results showed that the excretion of glucuronides was impacted more by the change in
number and position of hydroxyl group in the flavonoid structure than changes in
backbone. The excretion of glucuronides of flavones but not flavonols is rate-limited by
efflux transporters. Future SMR research will incorporate more experimentally derived

information to develop better models to predict glucuronidation of flavonoids in humans.
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LITERATURE REVIEW AND INTRODUCTION TO PROJECT

Flavonoids are the polyphenolic compounds which are shown to have various health
benefits such as antioxidant, cancer chemoprevention, relief from post-menopausal
systems, prevention against aging disorders and cardiovascular diseases.’™ Despite these
beneficial properties, poor in vivo bioavailability (< 5%) of flavonoids poses a serious

challenge in developing them as viable chemopreventive agents.®®

Research done so far has proven that extensive in vivo metabolism by uridine-5'-
diphospho-glucuronyltransferase enzymes (UGTSs) in liver and intestine, is the main
reason for the poor bioavailability of flavonoids.®** Another but less important reason of
flavonoids poor bioavailability is the sulfation pathway via sulfotransferase enzymes
(SULTSs). Studies done in our lab have shown that in and across different structural
classes of flavonoids, compounds get metabolized by various UGT isoforms at different

rates and extents.® 1213

Our studies will first determine the main UGT isoforms responsible for metabolizing
compounds from various sub-classes of flavonoids. We will then determine if the above
compound-specific data can be utilized to predict which organ (liver or intestine) will
play an important role in metabolizing a particular compound. Additionally, we will
correlate the rates of glucuronidation of tested compounds by Caco-2 cell lysate to their

respective rates of excretion of glucuronides in Caco-2 cell monolayers, highlighting the



role of efflux transporters such as MRP2 and BCRP in the excretion of glucuronides as

the potential challenges in establishing this correlation.

Lastly, using the isoform-specific intrinsic clearance values, we will develop the isoform-
specific semi-quantitative and quantitative structure-metabolism relationships (SMR)
between the structures of flavonoids and metabolism by UGT 1A8 (mainly expressed in
intestine) and UGT 1A9 (mainly expressed in liver). Various statistical and
computational models such as logistic regression, pharmacophore, 2-D and 3-D
quantitative structure-activity relationship (QSAR) modeling techniques will be used to

establish the SMR of flavonoids metabolism by UGT1A8 and 1AO9.

In this chapter (chapter 1), the first section (1.1) gives a detailed introduction of
flavonoids related to their natural sources, chemical structures with classification, and
problems with regards to their oral bioavailability. Section (1.2) introduces the main
metabolic pathway for these compounds with focus on UGTs and SULTS, tissue-specific
expression levels of UGT and SULT isoforms, and the structure-metabolism relationship
between flavonoids and UGTs. Section (1.3) discusses the excretion/elimination of
flavonoid glucuronides by efflux transporters. Section (1.4) introduces the role of UGT
isoforms and Caco-2 cell culture model as the tools for studying drug metabolism and
disposition respectively. Last section (1.5) describes various in silico techniques that can

be used in developing metabolism prediction models.



1.1. Flavonoids

1.1.1. Introduction of flavonoids

Flavonoids are among the most ubiquitous groups of phytochemicals distributed in
various plant substances such as fruits, vegetables, grains, barks, roots, stems, flowers,
tea, and wine. These natural products were known for their beneficial effects on health
long before flavonoids were isolated as the effective compounds.** However, during the
past two decades, interest within the scientific community towards the research on
flavonoids has increased many fold, mainly with the discovery of the French paradox,
i.e., the low cardiovascular mortality rate observed in Mediterranean populations
associated with red wine consumption and a high saturated fat intake. The flavonoids in

red wine are responsible, at least in part, for this effect.** *°

About 4000 natural flavonoid compounds of various structures are now known and more
than 40 different types of biological activities have been attributed to these flavonoids
including, anti-thrombogenic, anti-inflammatory, hepato-protective, cardio-protective,
neuro-protective, antioxidant, sposmoiytic, anti-allergic, antiulcer, antimicrobial,

antiviral, and anticancer.** **°



1.1.2. Chemical structure of flavonoids

The basic structure of flavonoids contains a heterocyclic skeleton of flavan(2-
phenylbenzopyrone). The structure is represented by a benzene ring (A), condensed with
a heterocyclic six-member pyran or pyrane ring (C), which in 2" or 3" position carries a
phenyl ring (B) as a substituent (Figure 1). Flavonoids are largely planar molecules due
to the presence of double bond in the central aromatic ring and their structural variation
comes in part from the pattern of substitution: hydroxylation, methoxylation, prenylation,
or glycosylation. The constituent polyphenolic units are derived from the secondary plant
metabolism of the shikimate pathway.'® ?° Flavonoids are often hydroxylated at one or

more of the following C- positions 3, 5, 7, 2, 3°, 4>, 5°.1% %

Although they are sometimes found as their aglycones, flavonoids most commonly occur
in plant kingdom as flavonoid-O-glycosides, in which one or more hydroxyl groups of
the aglycones are bound to a sugar, forming an acid-labile glycosidic O-C bond.?* There
are certain hydroxyl groups in flavonoids that are usually glycosylated and the
carbohydrate moiety can be L-rhamnose, D-glucose, gluco-rhamnose, galactose or
arabinose.™ 2! The glycosylated hydroxyl groups are the 7-hydroxyl group in flavones,
flavanones, isoflavones and the 3- and 7-hydroxyl groups in flavonols and flavanols. 5-O-
glycosides are rare for compounds with a carbonyl group at C-4, since the 5-hydroxyl

group participates in hydrogen bonding with the adjacent carbonyl at C-4.??
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Figure 1. Chemical structure of various sub-classes of flavonoids.

Examples of compounds in each subclass are listed along with representative chemical
structure and the name of the compound with representative structure is given in bold.



Flavonoid aglycones possess a common phenylbenzopyrone structure (C6-C3-C6), and
they are categorized according to the saturation level and opening of the central pyran
ring (Figure 1) into seven major sub-classes: flavone, flavonol, flavanone, flavanol,
isoflavones, chalcone and antocyanidins. These sub-classes can easily be structurally
differentiated based on the presence of a carbonyl carbon at C-4 (flavone), an OH group
at C-3 (flavonol), a saturated single bond between C-2 and C-3 (flavonone), ring B
attached to the C-3 position of ring C (isoflavone) and a combination of no carbonyl at C-
4 and a saturated single bond between C-2 and C-3 with an OH group at C-3 (flavanol)

(Figure 1).14 192

Chalcones are structurally different from other flavonoids because of opening of pyran
ring at C-2. Anthocyanidines differ from other flavonoids as they have a positive charge
in their structure (Figure 1). They are the salt derivatives of 2-phenylchromenylium
cations, also known as flavylium cation. The counterion of the flavylium cation is mostly

chloride.** 1922

1.1.3. Sources of flavonoids

Flavonoids and other polyphenols are abundant in vegetables, fruits, chocolates, tea and
. H 23 H 24 - 24 H 25, 26
wine. Vegetables such as spinach,”> onion,” broccoli,”* and fruits such as apples,
27 27 H 27 H 28 F 28 H
pears,”" grapes,”’ strawberries,”" cherries,” and blueberries™ have been shown to contain

high amounts of flavonoids. Quercetin is most abundant in fruits and vegetables, such as



onions, apples, broccoli, and berries. Naringenin is mainly found in citrus fruits.'* ** Tea
has also shown to contain high amounts of flavonoids with variations depending on types
of tea leaves, the amount used, brewing time and temperature.® Red wine also contains
large amounts of flavonoid whilst white wine has significantly smaller amounts of
flavonoids.*® Catechins are mainly found in green and black tea and in red wine, whereas
anthocyanidins are found in strawberries and other berries, grapes, wine, and tea.'* %
More recently, new studies with regards to flavonoid contents in beverages and foods
have shown that coffee also contain large amounts of polyphenols.* 3 Propolis (a

resinous hive product collected by honey bees from different parts of plants) is another

rich source of flavonoids.??

Isoflavones are selective with regards to their distribution as they are mainly found in the
subfamily Papilionoideae of the Leguminosae. In comparison with flavonoids, natural
sources of isoflavones are very restricted and are thus only found in certain dietary plants
such as soybeans (which contain genistein and daidzein),* chickpeas (biochanin A),**
alfalfa sprouts (formononetin),® red clover (daidzein and genistein, biochanin A and

formononetin),*® and groundnut (genistein)*’. Highest total isoflavone concentration has

been found in kudzu root with daidzein as the major isoflavone.®



1.2. Metabolism of Flavonoids

Despite reports of various beneficial biological activities in vitro, flavonoids have poor
(less than 5%) and highly variable in vivo bioavailability in animals and humans.* 340
In plasma, flavonoids are present as conjugates (metabolites) with in vivo aglycone (drug
molecule) concentrations ranging from 0.01 to 0.4 uM.>*° These in vivo concentrations
are significantly lower than the 1Cso or ECsq values (5 to 50 uM) commonly reported for
their anticancer effects in vitro.® * ** Hence, use of flavonoids as anticancer agent is

seriously limited by their poor bioavailability, which is mainly due to their high intestinal

glucuronidation.®*!

Phase Il metabolism, also known as conjugation reactions, is catalyzed by various
transferases, such as UDP-glucuronosyltransferases (UGTs) and sulfotransferases
(SULTS), leading to an increase in molecular weight of the parent molecule. It usually
significantly increases the hydrophilicity of the drug so that it can be eliminated from the
body, with the exception of methylation (e.g., methyldation of catechols), which either
creates metabolite that are either less or equally polar. The main function of phase Il
metabolism is detoxifying in nature, so phase Il metabolites usually are less bioactive (or
toxic) than phase I metabolites, except in some cases such as glucuronides of morphine
(more potent), ezitimibe (more potent), and PhIP  (2-Amino-1-methyl-6-
phenylimidazol[4,5-B]pyridine) (more toxic). Usually, C-glucuronides are more reactive

and toxic than O-glucuronides.**> Both enzyme systems (UGTs and SULTSs) are



distributed widely in many tissues including liver and small intestine. UGTs are
membrane-bound enzymes and are located in the endoplasmic reticulum in cells, while

SULTs are present in the cytosol.** %%

1.2.1. UDP-glucuronosyl transferases (UGTYS)

UGTs utilize UDP-glucuronic acid as cofactor and transfer glucuronic acid to the
substrates, forming hydrophilic conjugates called glucuronides (or B-D-
glucopyranosiduronic acids, and these conjugates are usually B-glucuronidase sensitive).
Substrates of UGTs includes endogenous compounds such as steroids, bile acids,
bilirubin, hormones, dietary constituents like flavonoids, xenobiotics such as morphine
and valproic acid, and environmental toxins and carcinogens such as PhIP.** 49 UGT-
catalyzed glucuronidation reactions are responsible for 35% of all drugs metabolized by

phase 11 enzymes.*

For the glucuronidation reaction, the substrates typically possess hydroxyl group
(alcoholic, phenolic), carboxyl, sulfuryl, carbonyl, or amino (primary, secondary, or
tertiary) group in their structure. O-glucuronidations are more common than N- and C-
glucuronidation. The normal function of the glucuronidation in mammals is to maintain
the homeostasis of various endogenous substances such as bile acid, bilirubin and
steroids, and to transport and detoxify xenobiotics.** **> ° Because the UGT1A locus is

highly conserved and the individual UGT1 proteins are differentially expressed



throughout the gastrointestinal tract, it has been predicted that these proteins have
evolved to facilitate the metabolism of digested matter, much of which exists as simple or

complex phenols.*”

Most of the substrates of UGTs are lipophilic in nature and therefore may be toxic to the
cells. For these compounds to be eliminated through renal and biliary routes, they need to
be converted to more hydrophilic metabolites such as glucuronides and hence
glucuronidation by UGTs is considered as probably the most important detoxification
pathway for a lot of xenobiotics and/or their phase-1 metabolites. Hydrophilic phase II
metabolites usually need a transporter to get excreted out of intestinal/liver cells. Various
efflux transporters such as MRP2 and BCRPs are involved in efflux of phase Il

metabolites.'® >4

Nomenclature of UGTs: The UGT superfamily is comprised of 4 families (UGTL,
UGT2, UGT3 and UGT8) and 5 subfamilies (UGT1A, UGT2A, UGT2B, UGT3A, and
UGT8A).> Each family of UGTs must share at least 50% homology in their DNA
sequences, whereas UGTSs in each subfamily must share at least 60% homology in their
DNA sequences. The nomenclature system uses Arabic numerals to represent the family
(e.g., UGT1) whereas a letter designates the subfamily (e.g., UGT1A) and followed again

by Arabic numeral denoting the individual gene (e.g., UGT1A1).%% >
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In mammals, UGT1As expression results from a single gene locus UGT1A, located on
chromosome 2937, which is currently known to encode for the 9 functional proteins
UGT1AL, 1A3, 1A4, 1A5, 1A6, 1A7, 1A8, 1A9 and 1A10. The mechanism by which the
UGT1A mRNA transcript is spliced was attributed to the existence of 4 common
downstream exons in conjunction with an upstream variable exon. Therefore, UGT1A
nomenclature for example, is based on the UGT1A gene and the relative position of the
first variable exon with respect to the 4 common exons on the un-spliced mRNA. From
this organizational layout, the gene for UGT1A1 isoform is assumed to be the closest
whilst gene for UGT1A12 is the most distant with respect to gene location between the
variable and common exons. In addition, it is worthwhile to note that the gene sequences
of the 4 common exons are conserved between all the mRNA transcripts within the
UGT1A subfamily and is believed to make up the C-terminal portion of UGT1As and is
responsible for co-factor binding. However, the variable exon is selected from a subset of
13 exon-1 sequences of the gene locus and transcripts for the N-terminal domain of the

protein responsible for substrate binding.>® *°

With respect to the UGT2 family, multiple gene loci located on chromosome 4ql13
comprise the following functional proteins: UGT2A1, UGT2B4, 2B7, 2B10, 2B11, 2B15,
2B17, and 2B28.°* *® In humans, UGT2 genes have been characterized and shown to
contain the same exon/intron branch points. Transcripts encoding UGT2A1, 2B4, 2B7,

2B10, 2B11, 2B15, and B17 have been characterized, and these genes have been mapped

11



to human chromosome 4ql3 and 4g28.*° The UGT2 family also shares common
properties with UGT1A subfamily of enzymes in that they also have a conserved protein
sequences at the C-terminal portion, whereas the N-terminal portion tends to be substrate-
specific. However, the mRNA transcript in this family is spliced from 6 exons whereas
only 5 exons are spliced in the UGT1A subfamily.>® *®* A new UGT2A3 gene (located on
chromosome 4q13) has been found recently. cDNA clones of UGT2A3 were isolated
using pooled human liver RNA. UGT2A3 is a functional protein and UGT2A3 expressed
by a baculovirus system shown to selectively glucuronidated bile acids, particularly

hyodeoxycholic acid at the 6-hydroxy position.>

In contrast to the UGT1 and UGT2 families, which contain many members and which are
primarily involved in xenobiotic metabolism, the UGT8 family contains only one
identified member, UGT8A1L, which has a biosynthetic role in the nervous system.>
UGT8AL is encoded by a gene of five exons on chromosome 4926 and catalyzes the
transfer of galactose from uridine diphospho (UDP) galactose to ceramide, an important
step in the biosynthesis of the glycosphingolipids, cerebrosides, and sulfatides of the

myelin sheath of nerve cells.*

UGT3 family contains two members, UGT3A1 and UGT3A2, which are encoded by
genes of seven exons positioned adjacent to each other on human chromosome 5p13.2.%°
However, in contrast to the extensive studies on the function of the UGT1, UGT2, and

UGTS families, report on the function of UGT3 family is comparatively new and recently

12



published.”” UGT3AL enzyme catalyzes the transfer of N-acetylglucosamine from UDP
N-acetylglucosamine to ursodeoxycholic acid (3a, 7p3-dihydroxy-5B-cholanoic acid). This
enzyme uses ursodeoxycholic acid and UDP N-acetylglucosamine in preference to other
primary and secondary bile acids, and other UDP sugars such as UDP glucose, UDP
glucuronic acid, UDP galactose, and UDP xylose. In addition to ursodeoxycholic acid,
UGT3ALI has activity toward 17a-estradiol, 17p-estradiol, and the prototypic substrates
of the UGT1 and UGT2 forms, 4-nitrophenol and 1-naphthol. UGT3AL1 is found in the
liver and kidney, and to a lesser, in the gastrointestinal tract.’” There is no evidence that
UGT1 and UGT2 forms use UDP galactose or UDP N-acetylglucosamine. In this study,
we will focus on the O-glucuronidation of flavonoids with UGT1A and UGT2B

subfamilies.

Localization and expression of UGTs: UGTs are mainly expressed in liver and various
extrahepatic organs such as small intestine, bile ducts, stomach, colon, kidney, pancreas,
brain and prostate. Some UGTs also are expressed (albeit not particularly abundantly) in
lungs, esophagus, mammary and adrenal glands. There are 16 human UGT isoforms
identified so far.®® The most abundant isoform expressed in small intestine is UGT1AL,
which is equally well-expressed in liver too. Quantitatively, UGT1A8 and 1A10 are
major isoforms selectively expressed in small intestine while UGT1A9 is major isoform

selectively expressed in liver and kidney.
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Figure 2. Expression and localization of 15 human UGT isoforms in 23 human
tissues.

Twenty-three kinds of human cDNA were diluted 6 times with sterilized water, and 5 pl
of each sample was subjected to real-time PCR using the respective specific primers
under the condition as published.® The units of the y-axis represent the UGT copy
number x 10* normalized to GAPDH, and the 37,900 and 18,500 values are included as
off-scale data of UGT2B4 and UGT2B15, respectively. Each data point represents the
mean value (n = 3-4), and error bars were omitted for clearer viewing. All of the data
were reconfirmed by repeated examination. Figure is been reproduced here from Ohno
and Nakajin (2009) with permission (Appendix H).*
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Human small intestine UGTs also show greater inter-subject variability in their gene
expression, protein abundance, and catalytic activity as compared to human liver UGTSs.
Human colon has shown markedly lower expression levels of UGTs as compared to
small intestine, making it more susceptible to carcinogens.** 4> 4 %2 %% Recently, Ohno
and Nakajin (2009) published quantitative expression of mMRNA levels of various UGT

isoforms in several human tissues (Figure 2).%*

1.2.2. Sulfotransferases (SULTS)

SULTSs are the phase Il enzymes which transfers a sulfonate group (SOs;) from the
coenzyme 3'-phosphoadenosine-5'-phosphosulfate (PAPS) to a substrate. SULTs can
either be cytosolic or membrane-bound which are located in Golgi apparatus. Membrane-
bound SULTs sulfonate macromolecules such as peptides, proteins, lipids, and
glycosaminoglycans and affect their structural and functional characteristics and even
functions are not the focus of our discussion. Cytosolic SULTSs, which are usually the
ones involved in drug metabolism, are responsible for the sulfonation of xenobiotics and

endogenous substrates such as hormones, steroids, bile acids and neurotransmitters.®*

Usually the addition of a sulfonate moiety to a compound increases its water solubility
and decreases its biological activity. Sulfation reaction in living cells is reversed by
sulfatase, which hydrolyses the sulfonated conjugates. SULTs maintain and regulate the

endocrine status of an individual by modulating the activity of steroid hormones and their
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biosynthesis. Another important function of SULT is to inactivate xenobiotics. Although
the primary goal of sulfoconjugation of xenobiotics is detoxification of the compound, it
also results in the activation of certain chemical procarcinogens, such as turning certain

dietary and environmental agents into more potent carcinogens.®* "

In humans, SULT superfamily consists of three families, SULT1, SULT2, and SULT4,
with at least thirteen distinct members: SULT1 (1A1, 1A2, 1A3, 1A4, 1B1, 1C2, 1C4,
1E1); SULT2 (2A1 and 2B1_v1, 2B1_v2) and SULT4 (4A1_v1 and 4A1_v2). Semi-
quantitatively, SULT1A1, 1A2, 1B1, 1E1 and 2A1 are exprerssed in human liver.
Similarly, SULT1AL, 1A3, 1B1, 1E1, and 2Al are expressed in human small intestine,

whereas only SULT1A1, 1A3, and 1B1 can be detected in human colon.®®"

SULT1AL1 is the major enzyme (>50% of total, range 420-4900 ng/mg cytosol protein) in
the liver, followed by SULT2A1, SULT1B1 and SULT1EL, but no SULT1A3.”* ™ Liver
has also been shown to contain low levels of SULT1A2 expression.”® SULTIEL is
present in the intestine and liver and is widely known as an “estrogen sulfotransferase”.”
In contrast, the small intestine contained the largest overall amount of SULT of any of the
tissues, with SULT1B1 the major enzyme (36%), closely followed by SULT1A3 (31%),
and SULT1A1, SULT1E1, and SULT2A1 more minor forms (19, 8, and 6% of total,
respectively).”® " SULT 1A1 and 1A3 in small intestine increases from jejunum to

ileum %72
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1.2.3. Structure-metabolism relationship (SMR) of flavonoids’ and UGTs

Significance of SMR: Due to reported beneficial effects of flavonoids, various studies
have been done with the focus on the structure—activity relationship (SAR) and
quantitative SAR (QSAR) between flavonoids’ structures and their various
pharmacological activities such as antioxidative and radical scavenging activities, anti-
inflammatory, cytotoxic effects, interactions with various receptors and estrogenic
activities.”” Interestingly, structure-metabolism relationship (SMR) between flavonoids’
structures and UGTs have also been published, however the information is limited in
nature as the crystal structure of any UGT has not been deduced yet. There can be two
possible reasons why SMR of flavonoids and UGTs has attracted the attention of
scientific community. One of them (as discussed above) is due to their poor
bioavailability resulting from extensive in vivo metabolism by UGTs. Another reason is
that glucuronides of flavonoids is shown to be equally or more active

pharmacologically.” ™

Currently, most of the focus is on quercetin glucuronides, and on isoflavone and catechin
conjugates. For example, quercetin-7-G had stronger antioxidative property,?® and was
equally potent or even better inhibitor of human MRP1 and MRP2 than the quercetin
aglycone.® Also, quercetin-3-G showed some cardiovascular protective effects in in vitro
studies.® Similarly, epicatechin glucuronide was found to be able to inhibit NADPH

oxidase that mediated oxidative stress in endothelial cells.®
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Flavonoid glucuronides, including those of quercetin, kaempferol, daidzein and equol, are
shown to be substrates for microsomal B-glucuronidase derived from various human
organs/tissues including liver, intestine and neutrophils.* It has been suggested that
glucuronides of flavonoids might pass through the vascular monolayers and then get
converted back to (free) aglycones by the hydrolyzing enzymes. Therefore, the
conjugated flavonoids in circulation may still play an important role in the treatment of
various diseases. However, the exact mechanisms for the transport of flavonoid
glucuronides into cells have not been clearly identified yet.”” So, the debate is still on
whether the focus should be on increasing the bioavailabilities of aglycones or their
glucuronides. Irrespective, either focus will lead to better understanding of SMR between
flavonoids and UGTs and further developing quantitative SMRs for the purposes of in

vivo glucuronidation prediction that will aid better drug development designs.

Substrate Selectivity of UGT isoforms with respect to flavonoids: The UGT isoforms
recognize and catalyze the glucuronidation of different functional groups (e.g., -OH, -
COOH, -NH2, -SH and C-C). The isoforms demonstrate distinct, but often overlapping
substrate selectivity. All of the UGT isoforms are capable of forming O-linked
glucuronides with moieties such as acyl, phenolic, hydroxy, though with different
efficiencies and turnover rates. The small molecules that form such phenolic-hydroxy
glucuronides serve as substrates for most of the UGT proteins but are catalyzed most

efficiently by the UGT1 proteins, with the exception of UGT1A4.*°
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The simple and complex phenols are also efficiently glucuronidated by the nasal mucosa-
specific UGT2AL, but overall they are glucuronidated at reduced rates by UGT2B4,
UGT2B7, and UGT2B15, about 10-20 folds lower than those of UGT1A proteins. There
is considerable substrate-specific redundancy in phenolic glucuronidation between
UGT1A1, UGT1A3, UGT1A7, UGT1A8, UGT1A9, and UGT1A10, as evident from the
glucuronidation activities observed with small and bulky phenols as well as the hydroxy-
glucuronide forming polynuclear hydrocarbons, anthraquinones, flavones, and
coumarins.* The slightly larger bulky phenols and those that include the naturally
occurring anthraquinones and flavanoids, although excellent substrates for most of the

UGT1 proteins, are not readily glucuronidated by UGT1A6.%*

In general, flavone and flavonol sub-classes are better substrates of many UGTs than
their isoflavone counterparts. UGTs 1Al1, 1A3, 1A6 and 2B7 were capable of
metabolizing apigenin faster than the isoflavone genistein.>® Similarly, UGTs 1A7, 1A8
and 1A9 were able to glucuronidate other flavonoid subclasses faster than isoflavones.®®
However, UGT1A10 was able to glucuronidate isoflavones as fast as flavones, flavonols,
flavanones and chalcones.®> % Recently, Tang et al. (2009) showed that for six
isoflavones genistein, daidzein, glycitein, formononetin, biochanin A and prunetin, 1A1,
1A8, 1A9 and 1A10 were the most important isoforms, although the top isoform kept

changing depending on the compounds and/or substrate concentrations.’” Substrate
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selectivities of different UGT isoforms have been published in a recent review article by

Wong et al. (2009).”

Regiospecific glucuronidation of flavonoids by UGT isoforms: Flavonoids are
polyphenolic compounds with several OH groups. Therefore, conjugations of glucuronic
acid mainly occur at different OH and O-glucuronides are formed.* These products can
demonstrate different pharmacological activities in humans. For example, quercetin-7-O-
G had stronger antioxidative property than quercetin-3-O-G.®® Hence, studying the

regiospecificity of various UGT isoforms becomes important.

Day et al. (2000) published that the Km obtained at different OH positions in quercetin
was in the order of 4'- < 3'- << 7- < 3, although the V.« at the 7-position was the greatest
8 It was also found that the 5-position did not seem to be a site for glucuronidation.
Boersma et al. (2002) showed that that the major metabolites of quercetin formed were
isoform-dependent, and 7-O-G and 3'-O-G were the major glucuronides.® In the same
study, luteolin which is flavone counterpart of quercetin and lacks OH at C-3 position
was glucuronidated by UGT1A9 in human liver and UGTs 1Al and 1A8 in human
intestine, similar to quercetin. The percentages of metabolites formed from luteolin and
quercetin followed the same trend: human liver microsome 7 >> 3’ > 3 (quercetin only) >
4’; human intestine microsome 3’ > 4’ > 3 (quercetin only) >> 7. Unlike quercetin, 7-O-G
was the major metabolite of luteolin in most of the studied UGT isoforms expect for

UGT1A1%
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In case of isoflavones, the C7-OH group was suggested to be the major site of
glucuronidation, because the only compound with a blocked C7-OH group (i.e., prunetin,
with C7-OCH3) was very poorly glucuronidated in Caco-2 cell model.® In the
glucuronidation of genistein and diadzein, UGT1A isoforms were shown to more
selective towards C7-OH than C4’-OH, with formation of 7-O-G higher than 4'-O-G by
an order of magnitude.®* Joseph et al. (2008) showed that different UGT isoform show
regiospecificity in the glucuronidation of prunetin, 5-O-G by liver isoforms and 4’-O-G

by intestinal isoforms.>*

Both of the examples shown above suggest the glucuronidation of a particular OH group
in flavonoid, depending upon the regiospecificity of UGT isoform. Furthermore, based on
the UGT isoform expression pattern of a specific metabolic organ, e.g. liver with 1Al
and 1A9 and intestine with 1A1, 1A8 and 1A10, the main glucuronide formed upon i.v.

or oral administration should be significantly different.

Investigations of SMR, including substrate selectivity and regiospecificity of particular
UGT isoform can provide valuable information. The knowledge of UGT substrate and
inhibitor selectivities, and binding affinities can aid in the identification of compounds
whose elimination may be impaired in subjects with variant genotypes (such as Gilbert
syndrome for UGT1A1 substrates). It can also help in the prediction of either drug-drug
or inhibitory interactions with other xenobiotics and endogenous compounds metabolized

by a particular isoform.%?
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The proposed mechanism of action of glucuronidation by UGTs was SN» nucleophilic
attack by the ~OH group of the flavonoids on the C-1 of pyranose acid ring of UDP-
glucuronic acid.*® Therefore, the position of the ~OH groups of flavonoids coupled with
the nucleophilicity and steric characteristics may affect its overall glucuronidation
efficacy.”” Some of the flavonoids’ structural features that have shown to affect the SMR
between flavonoids and UGTs are, presence of phenolic group in the structure of

flavonoids;* position and number of OH groups and nucleophilicity;* % low activity of

.77, 86 6

C-5 position;*® planar conformation; effect of sugar moieties;®® and effect of

methoxylation.”’

1.3. Role of Efflux Transporters in Disposition of Flavonoids

The efflux transporters for conjugates of flavonoids play an important role in deciding the
actual intracellular disposition of flavonoids in intestine. The role of efflux transporters is
particularly seen in cases of flavonoids where the phase Il conjugation reactions results in
a highly hydrophilic metabolites (glucuronides or sulfates) which are incapable of
passively diffusing across the cellular membrane. Hence, the excretion of conjugated
metabolites from cells is dependent upon their transport by efflux transporter on apical
and/or basolateral membrane. Also, it is more complex to sort out the mechanism of
drug-drug interactions due to drugs and flavonoids being a substrate of enzyme(s) and

drugs and flavonoid conjugates being a substrate of transporter(s).>* °"1%
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1.3.1. Expression of efflux transporter in intestine

Intestinal epithelial cells express a variety of uptake transporters (such as PEPT1 and
OATPs) and efflux transporters (P-gp, MRPs, BCRP) on the apical and basolateral
membrane, for the influx and efflux of the endogenous and Xxenobiotic substrates,
respectively. The efflux transporters have a critical role in limiting influx and facilitating
efflux to prevent the intracellular accumulation of the flavonoids and its phase Il
metabolites. In tumor cells, such functions confer multidrug resistance for various

anticancer agents. %1%

The enterocytes show localized expression of the efflux transporters on apical and
basolateral membrane. Apical membrane expresses known transporters such as P-gp,
MRP2, MPR4 and BCRP, while basolateral membrane expresses MRP1, MRP3 and
MRP5. The small intestine shows a high expression of MRP2, MRP3, P-gp and BCRP
and lower expression of MRP1, whereas colon expresses P-gp highly but shows a lower

expression of MRP1, MRP2 and MRP3 but no BCRP.***1%

The expression of efflux transporter also varies between different segments of small
intestine. In human intestine, the mRNA levels of the efflux transporters were ranked in
the various segments of intestine, which was MRP3>>P-
gp>MRP2>MRP5>MRP4>MRP1 in the duodenum; BCRP_MRP2>P-gp_ MRP3~

MRP6~MRP5_MRP1>MRP4>MDR3 in the jejunum; P-gp>MRP3>>MRP1~MRP5~

23



MRP4>MRP?2 in the terminal ileum; and MRP3>>P-gp>MRP4~MRP5>MRP1>> MRP2
in the colon. Interestingly, basolateral transporters, MRP1, MRP3, and MRP5 show
reduction in transporter expression from ascending to sigmoid colon, whereas, the
expression levels of apical transporters P-gP, MRP2 and MRP4 remain constant

throughout the entire colon.'%% 1%°

The P-gp, MRPs and BCRP also show substrate overlapping in the transport of parent
drugs and their metabolites, which can result in possible drug-drug interaction in the liver
and intestine. It also explain the possible compensation process in the efflux of the drug
and conjugated metabolites in TR™ rats (MRP2 deficient rats) or BCRP™ mice, where in
absence of one efflux transporter, expression of other efflux transporters on apical and/or
basolateral membrane of liver and intestine tends to increase to compensate for the
deficiency.”” % 1% 1% |5 case of flavonoids, MRP2, MRP3 and BCRP are shown to be

the most important efflux transporters involved in excretion of flavonoid conjugates.**

110-114

1.3.2. Coupling of metabolizing enzymes and efflux transporters

Coupling of enzymes and transporters are found in the biological systems to maximize
the absorption of nutrients such as proteins and carbohydrates. It also often plays an
important role in the cellular excretion of hydrophilic phase 11 conjugated metabolites and
thus has a profound impact on bioavailability, drug metabolism and drug-drug and drug-

herb interactions. Coupling process in drug disposition can be defined as a phenomenon
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where process of drug metabolism and excretion/elimination of drug and its metabolites

can influence each other and change the dynamics substantially.>* **°

The process of coupling of efflux transporters and phase Il enzyme in the intestinal
disposition of flavonoids can be explained by the "revolving door" theory. According to
the "revolving door" theory, the hydrophilic conjugate metabolites (glucuronides and/or
sulfates) of flavonoids cannot freely move out of the cells by passive diffusion. Rather,
they depend on action of the efflux transporters for their excretion. Hence, the disposition
fate of flavonoids is decided by the fact one of these two processes may act as the rate-
limiting step. In other words, either formation of flavonoid metabolites by enzymes or the
excretion of the metabolites by efflux transporters can be the rate-limiting step. The
consequences of the coupling according to this theory can be an imbalance between

formation and excretion of hydrophilic conjugates of flavonoids.'? 3 53 116117

If the excretion of metabolites (glucuronides and/or sulfates) of flavonoids by efflux
transporters is the rate-limiting step, then the rate of metabolite excretion will be lesser
than the maximal rate of metabolite formation. It can increase the accumulation of
metabolite inside cell which might have one of two consequences or both. First, the
reverse-enzymatic reaction can cause the conjugated metabolite to be converted back to
the parent drug compound. This can decrease the net forward rate of metabolite

formation. Or, the metabolite can cause inhibition of forward enzyme reaction (negative
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feedback mechanism via classical product inhibition) which in turn can decrease the net

rate of metabolite formation.1% 13 53 116,117

On the other hand, if formation rate of metabolites (glucuronides and/or sulfates) of
flavonoids is the rate limiting step, then the efflux transporter can readily remove the
formed metabolites which could have inhibitory effects via product inhibition. Therefore,
the action of efflux transporters can favor the forward enzymatic reaction of conversion
of parent drug into metabolite. This can result in higher than expected excretion rates of

metabolites based on cellular enzyme activities measured using sub-cellular fractions.'®

13, 53, 116, 117

The process of coupling can be simple, involving one enzyme isoform and one specific
transporter. However, it is often more complex in nature as it may involve more than one
individual process that somehow affects and influences the other processes. The factors
or individual processes that may contribute to overall coupling phenomenon in flavonoid
disposition are: (a) efflux of flavonoids at apical or basolateral side or both; (b)
sequestration of metabolites in cytosol by some of efflux transporters and then pumping
them out once metabolite-transporter complex merged into cell membrane; (c)
involvement of multiple transporters in the efflux of flavonoid metabolites; (d)
involvement of multiple enzyme systems and isoforms in metabolizing the flavonoids;
(e) formation of multiple metabolites each using similar yet different sets of efflux

transporters; and (f) effect of activity of one enzyme or transporter system on the
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performance of others. For example, glutathione is used as a co-substrate by the efflux
transporters, such as MRPs. It is also a co-factor of enzyme glutathione-s-transferases
(GST). The overall activity of GST can diminish glutathione pool in cells and hence in
turn can reduce efflux of conjugate metabolites and therefore decrease the overall

metabolism and bioavailability of flavonoids.** >*

The scientific community has been facing a lot of challenges in sorting out this complex
process. The major reason has been the lack of specific inhibitors for enzymes or
transporters involved in drug disposition. To overcome this, various approaches such as
gene-silencing and transfection, has been used in various cell lines in order to under- or
over-express certain enzyme and/or transporters respectively. But, it is difficult to

extrapolate the in vitro data obtained by using these approaches to in vivo conditions.*

115, 117-120

The compensation process is seen in animals that are deficient in one transport or enzyme
as a result of knock-out or transgenic manipulation or natural breeding, which is another
major problem. It is known that enzyme and/or transporters of same family and/or
subfamily shows higher expression, but the mechanism of compensation is not known

when gene(s) of interest is silenced or induced for prolonged period of time. % 11> 117-121

Besides increasing the drug metabolism, coupling process also increases the potential of

drug-drug and drug-herbal interactions. However, the coupling makes it difficult to sort
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out the mechanisms of drug interactions as it is much more difficult to sort out complex
network of barriers as discussed above. It is possible that more than one agent and/or
multiple mechanisms of modulation of action (inhibition or induction) might affect the
output from the network i.e. clinically significant drug interaction. Even if the mechanism
of drug interaction is somehow established, it is difficult to develop the drugs that will
not modulate the enzyme and/or the efflux transporter involved in the interaction. The
drugs which interact with enzyme and/or transporters can cause modulation of cellular

excretion process, resulting in more severe drug interactions.

1.4. In-vitro Models of Studying Drug Metabolism and Disposition

In order to study glucuronidation of flavonoids, we need models which can provide UGT
isoform specific data and can mimic in-vivo condition of enzyme-transporter interplay.
The two most important method of studying metabolism and disposition of drugs via
glucuronidation respectively have been UGT isoforms model and Caco-2 cells monolayer

model.
1.4.1. UGT isoform model

Recombinant human UGT isoforms are commercially available as Supersomes™.,
Supersomes developed by BD biosciences are the UGT isoforms derived from
baculovirus infected insect cells expression system. The baculoviruses used to infect the

insect cells have been engineered to express specific UGT isoform cDNA. So far, only 12
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UGT isoforms (Supersomes ) are commercially available UGT1A1, 1A3, 1A4, 1A6,
1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15 and 2B17. Recombinant human UGT isoforms

are usually used in the reaction phenotyping studies.? 1%

The goals of the reaction phenotyping is to determine the relative contribution of UGT
metabolism to overall clearance of the compound, followed by identification of the
metabolic profile and systematic characterization of the specific UGT isoforms involved
in formation of each major metabolite. To achieve these goals, two approaches can be
employed. One, the individual recombinant human UGT isoforms can be used to evaluate
the intrinsic ability of each individual isoform to metabolize a drug candidate > 8" 124 122
However, if the drug is metabolized by more than two recombinant human UGT
isoforms, measurements of enzymatic activity alone do not provide sufficient information
to estimate the relative contributions of each UGT isoform to the total glucuronidation of
the drug. Further studies with highly selective chemical inhibitors and/or antibodies
should be conducted in pooled human hepatic or intestinal microsomes to address the

relative contribution of each isoform. "> 123

It should be noted that sometimes a recombinant human UGT isoforms, which is shown
to be active in glucuronidation in the absence of other isoforms, may play little or no role
in microsomal or cellular glucuronidation in the presence of other UGT isoforms due to
the competition for substrate. The other approach is to determine the Ky, and Vmax values

of the drug with each active recombinant human UGT isoform to calculate intrinsic
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clearance (Clint = Vmax/Kn) values for each UGT isoform. Based on the intrinsic clearance
and the relative abundance of each UGT isoform in human liver or intestinal cells, the
relative importance of different UGT isoforms in the glucuronidation of the compound of

interest can be evaluated.'??

Usually, both these approaches have worked successfully in case of P-450 isoforms,'?*
128 hut there are some major limitations in use of these approaches to accurately predict
the in vivo metabolic fate of drug via glucuronidation by UGTs. The various isoforms
involved in drug glucuronidation are not expressed at the same level in normal drug-
metabolizing cells such as hepatocytes, enterocytes, HepG2 and Caco-2 cells. As a result,
rates of glucuronidation in recombinant human UGT isoforms must be normalized for
their cell expression levels. The extrapolation of glucuronidation rates to predict the
relative contributions of the various UGTs to overall glucuronidation is challenging due
to limited information regarding the relative expression and activities of the various UGT
isoforms in above-mentioned cells.?* In addition, there appears to be significant inter-

individual variability in UGT enzyme activities.®

Also, there are no known selective chemical inhibitors and/or antibodies available for
UGT isoforms to run inhibition studies.'®® Therefore, reaction phenotyping studies for
glucuronidation are generally used as an alert for compounds that may be metabolized by
UGT1AL1 and thus present a risk for potential competition with bilirubin glucuronidation,

or to provide an overall alert for compounds that may be metabolized by only one
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isoform and, thus, present a higher risk for drug—drug interactions than a compound that

may have more balanced elimination by multiple pathways.*?*

The other limitations of reaction phenotyping for predicting glucuronidation are: (1)
many UGT isoforms follow atypical or mixed Kinetics instead of Michaelis menten
kinetics, so determining accurate K and Cliy; are difficult;®” (2) UGT isoforms have
over-lapping substrate selectiveities to an extent that sometime about 5-10 isoforms
might be involved in overall contribution of drug glucuronidation in in vitro studies.?’
However, it is difficult to say, if all these isoforms are involved and contribution in the
overall in vivo glucuronidation also; (3) the glucuronides produced from in vitro
incubations cannot be removed from the reaction mixture and can potentially inhibit
glucuronidation by product inhibition, whereas efflux transporters are removing the
glucuronides from the intact cell in vivo;>® (4) saccharolactone is added as B-
glucuronidase inhibitor whereas no such inhibition is happening in vivo; (5) no enteric or
enterohepatic recycling which can increase the overall glucuronidation of drug does not
happen in vitro; and finally is the issue of “latency”.>® Generally, detergents or pore
forming molecules such as alamethicin is incorporated into in vitro reaction mixtures to
overcome this latency effect. Alamethicin is the preferred activating agent because it is

non-denaturing to UGT isoforms at excess concentrations.
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1.4.2. Caco-2 cell culture model

The Caco-2 cell model has proven to be the most popular in vitro model used in
pharmaceutical industries and academia (a) to rapidly assess the cellular permeability of
potential drug candidates, (b) to elucidate pathways of drug transport (e.g., passive versus
carrier mediated), (c) to assess formulation strategies designed to enhance membrane
permeability, (d) to determine the optimal physicochemical characteristics for passive
diffusion of drugs, and (e) to assess potential toxic effects of drug candidates or
formulation components on this biological barrier.?® *#” The Caco-2 cells are human
colon adeno-carcinoma cells that differentiate into polarized epithelial monolayer upon
reaching confluence and are shown to express several morphological and biochemical
characteristics of small intestinal enterocytes (e.g., formation of microvilli, tight junctions
and desmosomes, hydrolases, nutrient transporters, and expression of brush-border

enzymes such as sucrase-isomaltase).*?

Since, differentiated Caco-2 cells express various phase | enzymes such as cytochrome P-
450 isoforms and phase Il enzymes such as UDP-glucuronosyltransferases,
sulfotransferases and glutathione-S-transferases, as well as transport proteins of the ATP-
binding cassette family, such as P-gp, MRPs and BCRP, this model can also allow the
study of presystemic drug metabolism.*?" 2% 130 pyplished reports have shown interplay

between drug-metabolizing enzymes and efflux transporters.™*" 32 Hence, studying drug
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metabolism in Caco-2 cells not only can be a tool to estimate clearance rate but also can

be used for better understanding of the enzyme-transporter interplay.*** **

Caco-2 Cell variant (TC-7): The initial parental Caco-2 cell line was obtained from
American Tissue Culture Collection (ATCC). Caco-2 cell culture, even in stationary
phase of growth showed heterogeneity in subpopulations with different morphologies.
Therefore, to improve the homogeneity and the stability of the cell population, clonal cell
lines were isolated and characterized. The Caco-2 subclone TC-7 was generated by
passaging Caco-2 cells 198 times, thereby selecting faster growing cells from the
inhomogeneous Caco-2 population. TC-7 cells differ from the parental Caco-2 cells in
many characteristics, such as their shorter population doubling time; higher cell density;
higher glucose consumption; elevated expression level of CYP3A4, UGTs and SULTs.'?
Due to higher UDP-glucuronosyltransferase (UGT) expression in TC-7 cells as compared
to the parental Caco-2 cells, TC-7 cells have been widely used as a tool to investigate the

metabolism and transport of conjugates of xenobiotics with glucuronic acid.** ¥

Enzyme Expression in Caco-2 cells: Enzyme expressions in Caco-2 cell lines suggest a
closer resemblance of these cells to fetal rather than to adult ileal enterocytes."*® In case
of different CYP isoforms, Caco-2 TC-7 cells have shown equivalent or many folds
higher expression levels of CYP1Al, 1A2, 2C8-19, 2D6, 2E1 and 3A5 as compared to

human liver.**’

33



Table 1 Expression levels of different UGT isoforms in fully differentiated Caco-2
cells, grown on filter for at-least 21 days, at several passage levels determined by
gRT-PCR

UGT Isoforms MRNA expression levels at Caco-2 cell passage number
P31 P37 P43 P49
1A1 + + ++ +
1A4 + + + +
1A5 + + ++ +
1A6 ++++ ++++ +4+++ 4+
1A7 ++ + ++ +
1A8 ++ ++ +++ ++
1A9 + + ++ +
1A10 + + ++ +
2B4 + + + +
2B7 ++ + ++ +
2B10 * + + +
2B11 ++ + ++ 4
2B15 + + + +
2B17 ++ ++ +++ 4+
2B28 + + + +

Expression levels relative to p-actin: + means >0.0005; ++ means >0.0015; +++
means > 0.005; ++++ means > 0.01. Table Adopted from Siissalo et al. (2008).3*
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The major cytochrome P-450 isoforms CYP3A4 present in the liver and intestine is
shown to have a very low expression level in the Caco-2 cells.**’ Studies have shown that
UGT isoforms 1A1, 1A3, 1A4, 1A5, 1A6, 1A7, 1A8, 1A9, 1A10, 2B7, 2B11 and 2B17

are detected in Caco-2 cells lines, 3% 134 138

130,134 and its variant

However, the expression level of UGT 1A subfamily in Caco-2 cells
TC-7" varied significantly in the published reports, with UGT1A6 being the most
expressed isoform. In Caco-2/TC-7 cell lines, UGT1Al, 1A3, 1A4, 1A6 have high
expression levels whereas levels of UGT1A8, UGT1A9 are poorly expressed. UGT1A7,
1A10 are almost undetectable.™*® Unfortunately, the UGT2B4, 2B7, 2B15 and 2B17
isoform expression levels in Caco-2 cell lines were not published in this study. Siissalo et
al. (2008) recently published relative expression level of all UGT isoforms except
UGT1AS3, determined by gRT-PCR, in fully differentiated 21 days old Caco-2 cells

samples grown on filters (Table 1)."*

In case of sulfotransferases, SULT1A1, 1A2, 1A3, 1B1, 1C1, 1C2, and 2Al were
expressed in both parental Caco-2 and TC-7 cell lines. SULT2B1a, SULT2B1b, and
SULT4A1 were absent. SULT1EL protein was found in TC-7 but not in Caco-2 cells.
However, expression of several SULT forms started earlier in Caco-2 cells than in TC-7
cells and SULT1B1 and SULT2A1 levels were much lower in Caco-2 cells than in TC-7
cells. Overall, differentiated Caco-2 and TC-7 cells show higher levels of SULTSs as is

human intestinal mucosa.*?°
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Table 2 SULT expression levels in Caco-2 and TC-7 cells compared with colonic and

ileal mucosa

SULT MRNA" ng SULT Protein/mg Cytosolic Protein®

Isoform Caco-2° | TC-7° Colon® lHeum®
1A1 ++ 70 70 180 1200
1A2 nt’ 40 65 <25¢ <75°
1A3 +++ 1100 2200 320 1500
1B1 - 11 77 120 420
1C1 + 10 25 <3-D <3-D
1C2 +++ 60 95 n.t. n.t.
1E1 + <10 70 <6 50
2A1 +++ 80 430 <10 150
2Bla - <100 <100 n.t. n.t.
2B1b - <100 <100 n.t. n.t.
4A1 n.t. <400 <400 n.t. n.t.

a Determined by immunoblotting. For negative results, the limit of detection is given
(which can vary depending on the antiserum used, the amount of protein loaded on the
polyacrylamide gel, and the presence of other SULT forms).

b n.t., not tested or tested with an insufficient limit of detection.

¢ Determined at 19 and 14 days after reaching confluence for Caco-2 and TC-7 cells,
respectively.

d Individual samples showed faint immunoreactivity near the limit of detection.
Table adopted from Meinl et al. (2008)*?°
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The SULT pattern is most similar to that found in small intestine, although levels of
SULT1A1 and SULT1B1 are lower, and those of SULT1C1 are higher in Caco-2 and

TC-7 cells than previously found in intestinal samples (Table 2).'%°

Efflux Transporters Expression in Caco-2 cells: Taipulensuu et al. (2001) showed that
transcript levels of 9 ABC transporters were correlated well between jejunum and Caco-2
cells (r* = 0.90). However, BCRP exhibited a 100-fold lower transcript level in Caco-2
cells compared with jejunum.'®® In Caco-2 cells grown for 21 days on filter inserts, the
rank order of efflux transporter was MRP2 > Pgp ~ MRP3 > BCRP. Table 3 shows the
transporter expression in Caco-2 cells relative to the expression in different regions of the
human intestine.’® The MDR1, MDR3, MRP2, and BCRP proteins are all located at the
apical part of the plasma membrane of polarized cells such as epithelia, whereas the

MRP1, MRP3, MRP5, and MRP6 proteins seem to be basolaterally localized.'®

Studies have shown that the passage number (the number of times the cells in the culture
have been detached, diluted, and grown again to near confluence) of Caco-2 cells also
affects many of their properties, such as cell viability, growth in culture and expression
levels of various enzymes and transporters. UGTs expression and glucuronidation
activity of Caco-2 cells has been shown to change with the passage number.** ** Our
lab has also established that due to morphological and functional changes in the cell
monolayer, results of Caco-2 cell transport studies should not be compared beyond 10

passages.
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Table 3 The transporter mRNA expression in Caco-2 cells relative to the expression
in different regions of the human intestine presented as the 18S-normalized mRNA
expression levels in Caco-2 cells (21 days old) (triplicates) relative to the expression

in human duodenum (n=14), ileum (n=13) and colon (n=14).

Transporters Relative mMRNA expression level in Caco-2 cells with respect to
Duodenum lleum Colon

P-gP 3.1 0.4 1.9

BCRP 0.1 0.05 0.1

MRP2 7.3 8.4 1080

MRP3 3.4 4.2 1.5

Table adopted from Englund et al. (2006)'%
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1.5. In silico Techniques for Developing Metabolism Prediction Models

Use of in silico techniques in the of metabolism prediction models had increasingly
gained attention in past two decades.’****! In order to exploit the beneficial effects,
flavonoids with low UGT metabolism need to be screened from naturally occurring
flavonoids and/or their synthetic analogues and be developed into chemopreventive
agents. In order to screen for the better compounds in terms of desired metabolic outcome
and lower drug-drug interactions UGT “fingerprinting” can be used. UGT
“fingerprinting” is required to be done in the initial phase of drug development to
understand the metabolic fate of a new chemical entity via glucuronidation pathways and
possible drug-drug interaction it can cause with the marketed drugs. Therefore, there is a

need to study the metabolism of flavonoids by specific UGT isoforms.

Also, comparing the rate of excretion of metabolites in the Caco-2 cell culture model
with the rate of metabolism by various recombinant human UGT isoform(s) reported in
Caco-2 cell lines, can provide insights about how the structure of flavonoids are
correlated to their disposition in the Caco-2 cell culture models and help in developing
semi-quantitative structure-disposition relationships of flavonoids in intestinal cells. It is
difficult to perform in vitro UGT “fingerprinting” of all the naturally available (~4000

compounds) and synthetically designed flavonoids. Therefore, there is a need to use more
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economic and time saving screening tools, such as in silico quantitative SMR (QSMR)

prediction models. %14

Based on direct analysis of the experimental data from UGT isoforms or human liver or
intestinal microsomes, it is somewhat difficult to develop good QSMR models, so better
computational (in silico) tools are required to develop QSMR models with good
predictive ability. These prediction models however then has to be correlated with more
complex data from in vitro models such as cell cultures and in vivo models such as whole
animal. Because of the involvement of efflux transporters in the complex models
mentioned above, such in silico- in vitro and in silico-in vivo correlation will be a greater

challenge to develop.

Homology and pharmacophore modeling and two/ three dimensional quantitative
structure activity relationships (2-D/ 3-D QSAR) are the in silico approaches that can be
used to establish QSMR.****** Homology modeling uses the 3-D structure of a
homologous enzyme (with > 50% sequence identity) to develop a 3-D structure for the
target enzyme (UGT in this case), whose structure is not known. The developed structure
of enzyme is then used to establish a 3-D QSMR between the enzyme and substrate using
3-D QSAR modeling. However, until now, it’s been impossible to use homology model
for predicting glucuronidation because of the poorly understood structure-function
relationship of UGT and lack of availability of a 3-D X-ray crystal structure of an

enzyme homologous to UGT 142 146147
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In silico modeling for glucuronidation has focused on Pharmacophore-based 2-D and 3-D
QSAR modeling to develop a QSMR. A pharmacophore is a defined 3-D geometrical
arrangement of those interactive functional groups in the structure of a molecule, which is
recognized at the receptor (i.e. enzyme interaction) site and is responsible for the
biological activity (i.e. glucuronidation) of that molecule. Pharmacophore modeling uses
pharmacophore(s) of substrate and non-substrates of the target protein to develop a
QSMRM! 17 Many studies have been published in the literature regarding 3-D QSAR
models for CYP (Cytochrome P-450) enzyme isoforms,'*® 1% pyt development of
such models for UGT isoforms™*! **! 152 have been started recently and very few studies
have been published. Ekins et al. (2005),*° developed quantitative pharmacophore
models for inhibitors of CYP isoforms (3A4, 3A5 and 3A7) using Catalyst® software
(version 4.6, Accelrys, San Diego, CA, USA), with a high correlation (>0.9) between

observed and predicted values.

Sorich et al. (2002) presented the first generalized 2-D and 3-D QSAR and
pharmacophore models developed for UGT.? Different methodologies were used to
develop models which predicted the substrate selectivity and binding affinity toward
UGT1AL. The substrate affinity (as reflected by low apparent inhibitor constant (Ki app)
was in the order: quercetin ~ naringenin >> 3-HF; this was consistent with the substrate

selectivity study on UGT1A1 mentioned above.*>® Another study on UGT1A9 indicated
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that the substrate affinity is in the order: quercetin ~ 3-HF >> naringenin,®* which is

different from that observed for UGT1AL.

However, it is important to note that these models are for predicting substrate selectivity
and binding affinity, rather than the glucuronidation efficiencies. It is very much possible
that a bulky flavonoid substrate might fit in the active site, but might not be
glucuronidated, or only weakly glucuronidated. A QSAR study for UGTs 1A6 and 1A9
on simple phenols was done to study the effects of 4-substutients (i.e., para position) on
phenol glucuronidation. The authors found that in UGTs 1A6 and 1A9, V. decreased as
substrates’ molecular volume increased, which means that bulky flavonoids might act as

UGTs inhibitors instead of substrates.™®

These models have shown reasonably good predictive ability (in range of 60-80%). But,
so far no UGT QSMR model has been developed which focuses on predicting the level of
metabolism of substrates, which is of great interest to us in the case of flavonoids. In
order to generate computational model for flavonoid glucuronidation, various Kinetics
parameters such as Kn, Vimax and intrinsic clearance values (Cliyt = Vimax/Km) can be used
as metabolism activity. At substrate concentration lower than K, Cliy; values can be
approximated as ratio of rate of metabolism and substrate concentration (~V/S), which
can be generated with lesser time and resources than Vmax and Kp,. Hence in our study,
approximate Cliy; values of flavonoids with specific UGT isoform will be used as

metabolism activity to develop SMR models.
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The discriminative feature pharmacophore-based models predicted the biological
property (K;app in this case) on the chemical structural features of the substrate such as
hydrogen bond donors, hydrogen bond acceptor and hydrophobic or aromatic regions in
3-D. It was found that the UGTs 1A1 and 1A4 pharmacophores share a high similarity in
their core features, such as, the site of glucuronidation is invariably adjacent to a
hydrophobic region, with another hydrophobic domain located 6 — 8 A from the site of
conjugation. The core features in the structure of substrates for UGT1A9 were similar to
that of UGT1A1/1A4 substrates but there was an extra hydrogen-bond acceptor (HBA)
region near the outermost hydrophobic region.™* However, UGT1A10 pharmacophore
generated with two hydrophobic regions and a HBA® was very similar to that of

UGT1A9.%

As discussed above there are various factors which could affect the cellular disposition of
flavonoids via glucuronidation. We think that during the development of isoform-specific
SMR between UGT and flavonoids, we will face challenges due to several factors such
as, substrate overlapping between various UGT isoforms; production of multiple
regiospecific glucuronides in different ratios based on substrate structure and UGT
isoforms; unavailability of sufficient information on active site conformation and crystal
structure of UGT; rate-limitation of excretion of glucuronides by efflux transporters in

intact cells (e.g. Caco-2 cells, hepatocytes); and atypical kinetics of glucuronidation.
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Additionally, we are not yet sure which is the best kinetic parameter (Km, Vmax, Clint) t0

develop the SMR prediction models.

In present study, for generating in silico models for glucuronidation of flavonoid by
UGTs, we will be using 2-D QSAR and Pharmacophore-based 3-D QSAR modeling
using approximate Cli,x as metabolic activity. Pharmacophore modeling will use
pharmacophore(s) of substrates and non-substrates of the UGT isoform 1A8 (major
isoform in intestinal cells) and 1A9 (major isoform in liver cells) to develop the QSMR.
The 2-D QSAR model for compounds will be based on the 2-D descriptors such as, mean
topological charge, log of the octanol/water partition coefficient and number of aromatic
rings of the flavonoid chemical structure. Validation and hypothesis testing will be done

for all the developed prediction models.

Due to closely related structure of compounds in and among different classes of
flavonoids, we believe that the development of a 3-D QSMR model will be straight
forward. On the other hand, it may prove to be difficult to develop a good 3-D QSMR
model because of selected data set not being able to cover the whole chemical space due
to closely related structure of the limited number of selected flavonoids. The current
selection of modeling approach is based on already published literature on in silico

modeling of CYP isoforms modeling approach is based on already published literature on

146, 148-150 86, 92, 151, 156

in silico modeling of CYP isoforms and some of the UGT isoforms.
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OBJECTIVES AND HYPOTHESIS

Despite reports of various beneficial biological activities in vitro, flavonoids have poor
(less than 5%) and highly variable in vivo bioavailability in animals and humans. % 340
In plasma, flavonoids are present as conjugates (metabolites) with in vivo aglycone (drug
molecule) concentrations ranging from 0.01 to 0.4 uM.>*° These in vivo concentrations
are significantly lower than the 1Cso or ECsq values (5 to 50 uM) commonly reported for
their anticancer effects in vitro.® * ** Hence, use of flavonoids as anticancer agent is
seriously limited by their poor bioavailability, which is mainly due to their high intestinal
metabolism by phase Il enzymes, mainly UGTs followed by SULTs.”™ These conjugates
comprise over 95% of the total AUC found in the body upon oral administration and
might or might not have pharmacological activity.**®* Moreover, these conjugates after

conjugation are classified as hydrophilic organic anions and need to be actively excreted

out of the cell by efflux transporters.

There are more than 4000 flavonoids identified so far and there is a need to classify them
based on their in vivo metabolic stability, in order to promote the research of flavonoids
as cancer preventive agents. Since laboratories experiments using recombinant human
UGT isoforms and transport vesicles are time and resource consuming, we need better in
silico structure-metabolism relationship (SMR) based prediction models to estimate the in

vivo metabolic fate based on in vitro data. However, it is very challenging to develop
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such models due to the co-involvement of multiple enzymes and efflux transporters with

overlapping substrate selectivities in the intestinal and liver disposition of flavonoids.

2.1. Objectives

The overall objective is to develop structure-metabolism relationship between UGTs and
flavonoids for predicting intestinal metabolism of flavonoids. The goals of this research
project were to: 1) identify the major UGT isoform(s) contributing to the glucuronidation
of flavonoids and predicting the major organ of metabolism; 2) establish the substrate
selectivity and regiospecificity of these major UGT isoform(s); 3) develop the in silico
prediction models for major UGT isoform(s) using pharmacophore and 2-D/3-D QSAR
modeling techniques; 4) study the effect of change in backbone on the disposition of
flavonoids in Caco-2 cells; 5) study the rate-limiting role of efflux transporters in the
disposition of flavonols in Caco-2 cells; and 6) study the rate-limiting role of efflux
transporters in the excretion of regiospecific glucuronides of flavones in Caco-2 cells. In
attempt to achieve the overall goal of this research, certain data have already been
published demonstrating the use of UGT isoform ‘fingerprinting” in predicting the

7

metabolism of isoflavones®” and mono- and di-hydroxyflavone™’ in human liver and

intestine.
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2.2. Hypothesis

Structure-metabolism relationship between UGT and glucuronidation is affected by the
substrate-selectivity, regiospecificity and organ/tissue expression levels of various UGT
isoforms, as well as the rate-limiting role of efflux transporters in the excretion of

glucuronides. The hypothesis(s) for this thesis are as follows:

H1(a). Change in structure of flavonoids across and within sub-classes largely affects the

major UGT isoform(s) contributing to the metabolism of flavonoids.

H1(0). Irrespective of change in structure of flavonoids across and within sub-classes,
there is only couple of major UGT isoform(s) that contributes to the metabolism of

flavonoids.

H2(a). Major UGT isoform(s) differs in their substrate-selectivity and regiospecificity of

glucuronidation of flavones and flavonols.

H2(0). There is not much difference in the substrate-selectivity and regiospecificity of the

major UGT isoform(s) in glucuronidating flavones and flavonols.

H3(a) Isoform-specific in silico SMR prediction models for the glucuronidation of

flavonoids by major UGT isoforms can be developed with a predictive ability of > 75%.

H3(0) It is not possible to develop isoform-specific in silico SMR prediction models for

the glucuronidation of flavonoids by major UGT isoforms, with a predictive ability of >

75%.
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H4(a). Glucuronidation of flavonoids in Caco-2 cells is significantly affected by the

difference in backbone across different sub-classes.

H4(0). Glucuronidation of flavonoids in Caco-2 cells is not significantly affected by the

difference in backbone across different sub-classes.

H5(a). Rates of excretion of flavonols glucuronides are dependent on the formation rate

of glucuronides and not rate-limited by the efflux transporters in Caco-2 cells.

H5(0). Rates of excretion of flavonols glucuronides are rate-limited by the efflux

transporters and not by the formation rate of glucuronides in Caco-2 cells.

H6(a). Rates of excretion of regiospecific glucuronides of flavonols are rate-limited by

the efflux transporters and not by the formation rate of glucuronides in Caco-2 cells.

H6(0). Rates of excretion of regiospecific glucuronides of flavonols are dependent on the
formation rate of glucuronides and not rate-limited by the efflux transporters in Caco-2

cells.
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GENERAL METHODOLOGY

3.1 Solubility and Stability of the Flavonoids

Flavonoids showed a wide range of solubility depending upon the hydroxyl and/or
methoxyl substitution in their structure. It is important to determine if the compound is
soluble at the concentration in interest for various experiments; Caco-2 cell transport
study (10uM), determination of intrinsic clearance (at 2.5uM substrate concentration),
and glucuronidation reaction with various UGT isoforms and Caco-2 cell lysate (at 2.5,

10 and 35 pM substrate concentration).

Certain flavonoids are very susceptible to oxidative degradation, hence it was important
to determine that the selected flavonoids were stable for during the time of
experimentation in the glucuronidation reaction media (UGT isoforms (~0.53 mg/ml),
magnesium chloride (0.88mM), saccharolactone (4.4mM), alamethicin (0.022mg/ml) in
50mM potassium phosphate buffer (pH 7.4)) and Caco-2 cell transport study media
(HBSS buffer (pH 7.4). The unstable compounds were stabilized using 0.1% vitamin C as
an antioxidant and pH was adjusted to pH 7.4. Saccharolactone was added as the inhibitor
of the reverse enzymatic reaction by B-glucuronidase, which converts glucuronides to
aglycone. Alamethicin was surfactant used to form pores in the supersomes membrane

such that the substrate reaches the enzyme located on the inner membrane of supersomes.
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3.1.1. Solubility and stability of the flavonoids in HBSS (pH 7.4)

For the flavonoids used in Caco-2 cell transport study, it was determined if the compound
is soluble at 10uM in HBSS buffer (pH 7.4) at room temperature. 2ul of 2, 1, 0.5 and
0.25 mM of stock solution of compounds in 100% methanol were diluted 100 times using
HBSS buffer to obtain 20, 10, 5and 2.5 pM, respectively. The samples were centrifuged
at 15000 rpm for 15 mins and analyzed immediately after collection in UPLC. The
linearity of the concentration versus peak area was used to determine if the compound

was soluble at 10uM in HBSS buffer (pH 7.4).

For the flavonoids used in Caco-2 cell transport study, it was determined if the 10uM
compound solution in HBSS buffer (pH 7.4) is stable for 4 hours (time span of
experimentation) at 37°C. Samples were collected at 0, 1, 2, 3 and 4 hr(s). The samples
were centrifuged at 15000 rpm for 15 mins and analyzed immediately after collection in
UPLC. For the compounds which were not found to be stable for 4 hours at 37°C, 0.1%
vitamin C was added; pH adjusted to 7.4, and stability was tested again. Using 3,4’-
dihydroxyflavone as model compound, which was stable at the experimental condition,
we validated that 0.1% vitamin C does not interfere with the transport or metabolism of

the tested compound.
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3.1.2. Solubility and stability of the flavonoids in glucuronidation reaction mixture

For the flavonoids used for the glucuronidation reactions, it was determined if the
compound is soluble at 2.5, 10 and 35uM in glucuronidation reaction media. 2ul of 4, 2,
1, 0.5, 0.25 and 0.125 mM of stock solution of compounds in 100% methanol were
diluted 100 times using HBSS buffer to obtain 40, 20, 10, 5, 2.5 and 1.25 pM,
respectively. For the flavonoids which were used only for determining intrinsic clearance,
it was determined if the compound was soluble at 2.5uM in glucuronidation reaction
media. 2pl of 0.5, 0.25, 0.125 and 0.625 mM of stock solution of compounds in 100%
methanol were diluted 100 times using HBSS buffer to obtain 5, 2.5, 1.25 and 0.625 uM,
respectively. The samples were centrifuged at 15000 rpm for 15 minutes and analyzed
immediately after collection in UPLC. The linearity of the concentration versus peak area
was used to determine if the compound was soluble at 2.5, 10, 35uM in glucuronidation

reaction media.

For the flavonoids used in glucuronidation reactions, it was determined if the 2.5, 10uM
and 35 compound solution in glucuronidation reaction mixture is stable for 120 minutes.
Samples were collected at 0, 30, 60 and 120 minutes. In case of very unstable compounds
(such as 3-hydroxyflavone), stability samples were taken at 15, 30 and 60 minutes. The
samples were centrifuged at 15000 rpm for 15 mins and analyzed immediately after
collection in UPLC. Compounds which were not found to be stable for 2 hours at 37°C,

0.1% vitamin C was added, pH adjusted to 7.4, and stability was tested again. Using 3,4’-
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dihydroxyflavone, which was stable at the experimental condition, we validated that

0.1% vitamin C does not interfere with the glucuronidation of the tested compound.

3.2. Glucuronidation Experiment

For measuring UDP-glucuronosyltransferase (UGT) activities in an in vitro
glucuronidation reactions using specific recombinant human UGT isoforms is performed
as using the following procedures. (1) Thaw solution A and solution B (both stored at -20
°C) in a water bath maintained at 37 °C and store in bucket filled with ice during
experiment. Solution A contains 25mM uridine diphosphoglucuronic acid (UDPGA) and
solution B contains 5mM magnesium chloride, 25mM saccharolactone and 0.125 mg/mi
alamethicin. (2) Thaw UGT isoforms (5mg of protein/ml) (aliquoted into 50ul and stored
at -80 °C) in a water bath maintained at 37 °C and store in bucket filled with ice during
experiment. UGT isoforms are diluted with 50mM KPI to reach the optimum
concentration to be used in step 5. However, freshly prepared Caco-2 cell lysate was used
for the glucuronidation reaction. (3) Add 120 pl of solution B to ice-cold 421.2ul of 50
mM potassium phosphate buffer (pH 7.4) (with or without 0.1% vitamin C) in an ice-cold
1.5ml micro-centrifuge tube. (4) Add 36 pl of supersomes of 0.25, 0.5 or 1 mg of
protein/ml so as to reach the optimum final concentration, such that the pipette tip and the
contents did not touch the micro-centrifuge tube. (5) Add 6.8 ul of 0.25, 1, or 3.5 mM
concentrations of substrates was added to the reaction mixture to obtain a final compound

concentration of 2.5, 10 or 35 uM respectively. (6) Add 96 pl of solution A to obtain a
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final volume of 680 pl such that the pipette tip and the contents did not touch the micro-
centrifuge tube. (7) Mix the reaction mixture well by turning the micro-centrifuge tube
upside down multiple times. (8) Transfer 200ul of reaction mixture to each of the three
ice-cold 1.5 ml micro-centrifuge tubes and incubate at 37°C for optimum time (15-120
mins). (9) Stop the reaction by adding 50ul of 94% acetonitrile/6% glacial acetic acid
containing 100uM of appropriate internal standard to each tube containing a reaction

mixture of 200 pl.

3.3. Analysis of Flavonoids and Their Glucuronides Using UPLC.

The Waters Acquity UPLC (Ultra performance liquid chromatography) system equipped
with photodiode array detector (PDA), Sample manager, Binary solvent manager,
EmPower™ software, and BEH C1g column (7 pum, 2.1 x 50 mm) was used to analyze the
flavonoids and their respective glucuronides(s) in the sample. The general LC method
parameters used were: mobile phase B, 100% acetonitrile; mobile phase A, 100%
aqueous buffer (2.5mM NH4Ac, pH 4.5); flow rate 0.45 mL/min; gradient: 0 to 2min, 10-
20% B, 2 to 3 min, 20-70%B, 3 to 3.5 min, 70%B, 3.5 to 4.0 min, 70-90% B, 4.0 to 4.5
min, 90-10% B, and 4.5 to 5.0 min, 10% B and injection volume, 10 puL. However, for
some compounds different mobile phase A, mobile phase A and/or gradient method were

adopted, which will be described in the relevant sections ahead.
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3.4. Confirmation of Flavonoids Conjugate(s) and Their Degree of Substitution

Using UPLC-MS/MS

Glucuronide(s) and sulfate(s) of flavonoids with more than one hydroxyl group in their
structure were confirmed for the degree of glucuronic acid or sulfate substitution (i.e.
mono- or di-glucuronides/sulfates) using UPLC/MS/MS method. Similar UPLC
conditions as explained above were used to separate the flavonoids and their respective
conjugate(s). The effluent from Waters Acquity UPLC system was introduced into an API
3200 Qtrap triple-quadrupole mass spectrometer (Applied Biosystem/MDS SCIEX,
Foster City, CA) mounted with a TurbolonSpray™ source. The working parameters for
the mass spectrometers and compound-specific MS conditions were optimized. The mass
of each individual peak of separated glucuronides and sulfates was measured using
QSMS mode. Precursor scan or MS2 scan mode was used to confirm the identity of each
peak as glucuronide/sulfate by fragmenting the parent ion into glucuronic acid/sulfate and

aglycone daughter jons.**® *°

The main working parameters for the mass spectrometers are set as follows: ion-spray
voltage, -4.5 kV; ion source temperature, 600°C; nebulizer gas (gasl), nitrogen, 40 psi;
turbo gas (gas2), nitrogen, 40 psi; curtain gas, nitrogen, 20 psi; collision cell energy; 30
volts, collision cell exit potential, 3 volts and minor adjustments were then made for each

flavonoids. The mass spectrometer was operated in negative or positive ion mode to
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perform the analysis of flavonoids and their conjugates. Compound-specific MS

conditions are listed in future chapters.

3.5. Quantification of Glucuronides of Flavonoids

Since, the reference standards of glucuronides are not available commercially; using the
standard curves of parent compounds is the only available method to quantify the
respective glucuronides. Many labs had used calibration curves of the aglycones to
quantify glucuronides and showed reasonable recovery.?” % 1% Beer’s Law states that
molar absorptivity is a constant and the absorbance is proportional to concentration for a
given substance dissolved in a given solute and measured at a given wavelength. For this
reason, molar absorptivities are called molar absorption coefficients or molar extinction
coefficients (M™cm™). The standard curve of the parent compound could be used without
any correction to quantify glucuronide within acceptable error limits, only if the
extinction coefficient of the glucuronide is close to aglycone, such that the ratio of the

extinction coefficients of the glucuronide and the aglycone ranges between 0.9-1.1.

But it was observed that that the ratio of the extinction coefficients of the glucuronides of
flavonoids might vary a lot among different compounds and different glucuronides of
same compound (also called as glucuronide-isomers), which was a wavelength-dependent

phenomenon. This made it very important that the ratio of extinction coefficients of each
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glucuronide must be calculated at a particular wavelength so that it could be used as
correction factor while quantifying the glucuronides using the standard curve of the

parent compound at a specific wavelength.

The method of calculating correction factors (K) of single and multiple glucuronides of
flavonoids are shown as flow chart in Figure 3. The flavonoids were glucuronidated (at
three different concentration 2.5, 10 and 25uM) using selected UGT isoforms to generate
the mixture of mono-glucuronide(s) of the flavonoids in different concentrations and
ratios. Glucuronides produced by UGTs incubation were further purified using solid
phase if the amount of glucuronide(s) formed were less than 60% of the parent compound
concentration used in the reaction. Samples were loaded on C;g columns after 2 mL
MeOH and 1 mL water wash, 1 mL water was then used to clear up the salts and
saccharolactone, successive 2 mL MeOH elution of glucuronides were collected finally.
This was followed by 2 hours’ air dying and reconstitution with potassium phosphate
butter (pH 7.4). A 500ul portion of the metabolite solution (purified or without
purification) was taken and 415 unit/ml of B-D-glucuronidase enzyme was added to
hydrolyze the metabolites (into aglycone) at 37°C for 5 mins. The control reaction was
run using equivalent volume of purified water in place of enzyme solution. The samples

were analyzed using UPLC.
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For flavonoids forming For flavonoids forming two or
single mono-glucuronide more mono-glucuronides
Overnight at Glucuronidation Overnight at Glucuronidation
37°C reaction 37°C | reaction
Generation of mono- Generation of mono-
glucuronide of a glucuronides (single if possible,
flavonoid (at 2.5,10 and otherwise in combination of 2
25 pM) using selected in different ratios) of a
UGT isoform(s) flavonoid (at 2.5,10 and 25
MM) using selected UGT
isoform(s)
YES Is the quantity of mono-

glucuronide(s) formed
more than 60% of
flavonoids ?

NO

Extract pure samples of mono-
glucuronide(s) using solid phase
extraction and reconstitute in phosphate
buffer (pH 7.4)

Divide sample into two parts and add 415
units/ml of B-glucuronidase in one part
(hydrolysis sample) and equivalent
amount of water (control sample) in other
part. Run the reaction in triplicate (n=3)

5mins at 37°Cl Hydrolysis reaction
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|

Run samples in UPLC and measure the
area of flavonoid and mono-glucuronide
peaks in both samples.

T~

Calculation  of  correction
factor (K) as the average of
ratios of the areas of two peaks
(aglycone in hydrolysis sample
and glucuronide in control
sample) at three different
concentrations

K= A(Peak Area)agiycone /
(Peak Area)Glucuronide

Area of aglycone peak in
control sample is subtracted
from the area of aglycone peak
in hydrolysis sample before
calculation of K.

Correction factor (K) of two mono-
glucuronides (Glul and Glu2) is
calculated by solving equation 1 and 2
(obtained from the hydrolysis of two
separate mixture of UGT isoforms
reactions and their control samples) for
XandY.

Peak areag,;.;*X + Peak areag ., *Y
= Peak area agycone-1 +eeees eq.l

Peak areag,;.i*X + Peak areag .1 *Y
= Peak area agjycone-11 ++--- eg. 2

The equations were solved for peak
areas at three different concentrations
and average X and Y were calculated as
K for Glu 1 and Glu 2, respectively.

Figure 3. Flow chart of the process of determining the correction factor of single
and multiple glucuronides of flavonoids
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The peak area of glucuronide(s) before hydrolysis and the peak area of equivalent
aglycone after hydrolysis were measured to calculate the correction factors of the
glucuronides at the wavelength selected for each compound. In case of single
glucuronide, the peak areas of glucuronide at the specified wavelength in the control
reaction were measured and compared with the peak areas of the equivalent aglycone
produced after hydrolysis. If the extinction coefficients of the glucuronide and flavonoids
were the same, for a decrease in glucuronide peak area, a similar increase in the aglycone
peak area was observed. If not, an average correction factor (K) was calculated as the
ratios of the two peaks (one parent and one glucuronide) areas at three different
concentrations (A(Peak Area) agiycone Versus A(Peak Area) giucuronide). Peak areas of
aglycone (if found in the control samples) were subtracted from the peak areas of
aglycone measured in hydrolysis samples, before the correction factor was calculated.
The correction factor was used to make the adjustment in the concentration of
glucuronide calculated using the standard curve of the parent aglycone. For each such
mixture of glucuronides, equivalent amount of aglycone produced after hydrolysis was

measured.

However, in certain cases, if the amount of glucuronide generated by any UGT isoforms
was too small to calculate the K for the glucuronide using above method, the standard
curve of the parent aglycone had to be used without any correction factor. The extinction

coefficients of two or more glucuronides of particular flavonoids can be largely different.
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To calculate the extinction coefficients of each individual glucuronide, multiple
experiments were run with different UGT isoforms to give different ratios of
glucuronides mixture. For each mixture, peak areas of all glucuronides in a control

reaction and the equivalent aglycone produced after hydrolysis were measured.

3.6. Data Analysis of Correction Factor for the Extinction Coefficients of Multiple

Glucuronides

To calculate the correction factor, each set of the peak areas were represented as an
equation. These equations were solved to calculate the correction factors. For example,
for a flavonoid with two glucuronides, following two equations can be generated using

the peak areas obtained by two separate UGT isoform reactions.

Peak areagiyi-1 * X + Peak areagi2-1 *Y = Peak area agiycone-i eq. 1

Peak areagiyi-n * X + Peak areagiyz-n *Y = Peak area agiycone-ii eq. 2

where Glul and Glu2 were the two glucuronides and | and Il stood for two separate
mixture of UGT isoforms reactions which could form distinctly different ratios of Glul
and Glu2. Equation 1 and 2 can be solved to obtain the value of X and Y, the correction

factor of Glul and Glu2, respectively.
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3.7. Statistical Analysis for Glucuronidation and Caco-2 Cell Experiments Data

From our previously established work,®” we typically use one-way ANOVA or an
unpaired Student’s t-test (GraphPad Prism®, GraphPad software Inc., CA) with or
without Tukey-Kramer multiple comparison (posthoc) tests was used to analyze the
statistical significance among various data. Two-way ANOVA test (GraphPad Prism®)
with Bonferroni (posthoc) tests was used to study the cross-over effect of structure of

flavonols on the outcome. The prior level of significance was set at 5%, or p<0.05.
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UGT1A9, UGT1A8 AND UGT1Al1 ARE THE MOST IMPORTANT ISOFORMS
RESPONSIBLE FOR THE GLUCURONIDATION OF FLAVONOIDS IN
HUMANS

4.1. Abstract

The objectives of this study were to determine the most important human UGT isoforms
contributing to the metabolism of flavonoids in first-pass metabolic organs (liver and
intestine). We used one compound each from five major sub-classes of flavonoids
(apigenin (flavones), genistein (isoflavones), kaempferol (flavonols), naringenin
(flavanones) and phloretin (chalcone)); six congeneric compounds of flavonol sub-class;
and four congeneric compounds of flavone sub-class. We used 12 recombinant human
UGT isoforms, 1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15 and 2B17
to do UGT “fingerprinting” of the selected flavonoids at three different concentrations
(2.5, 10 and/or 35 uM). We showed that within and across different sub-classes of
flavonoids, UGT1A9, followed by 1A8 and 1Al was the most important isoform
contributing to the glucuronidation of most flavonoids. However, the rank-order of
isoforms may or may not change based on structure and concentration of substrate. We
believe that UGT finger-printing can be successfully used to predict the fate of
metabolism of flavonoids in human organs/tissues based on UGT isoforms protein
expression levels in different organs/tissues. Glucuronidation of flavonoids by UGT 1A3,

1A6, 1A7, 1A10 and 2B7 was also dependent on the structure and concentration of the
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flavonoid. In conclusion, UGT1A9, UGT1A8 and UGT1ALl are the most important UGT
isoform responsible for the glucuronidation of vast majority of flavonoids at the tested
substrate concentrations. Based on published UGT isoform mRNA expression pattern in
human organs, liver and intestine should serve as the major first-pass metabolism organs

for flavonoids.
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4.2. Introduction

Flavonoids have shown various health benefits such as antioxidants and prevention
against cancer and cardiovascular diseases."” Flavonoids commonly occurs as natural
compounds in plants, Vegetables such as spinach,?® onions,* broccoli,®* and fruits such

25.26 naars,?’ grapes,?’ strawberries,?’ cherries,? blueberries,”® and citrus fruits'*

as apples,
22 have shown to contain high amounts of flavonoids. Structurally, flavonoids are benzo-
pyrone derivatives consisting of phenolic and pyrane rings (Figure 1, pg 5) and are
classified according to the degree of oxidation or substitution pattern of their central
pyran ring. In and among different sub-classes of flavonoid, compounds usually differ in

number and position of hydroxy, methoxy and methyl groups. Over 4000 natural

flavonoid compounds have been purified and structurally identified.*®*

Based on their chemical structures backbone, flavonoids can be categorized into seven
major sub-classes found in foods, namely, flavones (2-phenylchromen-4-one backbone);
isoflavones (3-phenylchromen-4-one backbone); flavonols (3-hydroxy-2-phenylchromen-
4-one backbone); flavanones (2,3-dihydro-2-phenylchromen-4-one backbone); flavanols
(2-phenyl-3,4-dihydro-2H-chromen-3-ol backbone); chalcone (Phenyl styryl ketone
backbone) and anthocyanidins (flavylium (2-phenylchromenylium) ion backbone)

(Figure 1, pg 5).
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R, Flavonol R, R, R3
3HF H H H
Rz o 3 4’DHF H H OH
3,7DHF H OH H
oH 3,74°THF  H OH OH
357THF  OH OH H
R, o
3,5,7,4'QHF OH OH OH
Flavone R, R, R3
Rz  4HF H H OH
5HF OH H H
0
Rz 7THF H OH H
5,4’DHF OH H OH
5,7DHF OH OH H
R, a 7,4’ DHF H OH OH
57,4THF OH OH OH

Figure 4. Structure of flavonols and flavones used in the study
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Research done so far has proved that extensive in vivo metabolism by Uridine-5'-
diphospho-glucuronyltransferase enzymes (UGTS) is the main reason for the poor in vivo
bioavailability (< 5%) of flavonoids,”™* which poses a challenge in developing them as
viable chemopreventive agents.®® Hence, it is important to understand the structural
features responsible of flavonoids metabolism that might help to identify the flavonoids
with low potential for UGT metabolism and benefit development of flavonoids into

chemopreventive agents.

The information about the structure-metabolism relationship (SMR) between flavonoids’
structures and UGTs however is limited in nature as the crystal structure of any UGT has
not been deduced yet. The reports published have either however discussed the
importance of one or more structural features important for glucuronidation using liver

|13, 90, 95, 162, 163 or have

and intestinal microsomes, cell cultures and in situ animal mode
focused in details on one single isoform.2® There is however only one or two reports
using systematic study of effect of same structural change on different UGTs using

recombinant human UGT isoforms.>" " ¥/

The objective of this study was to systematically determine the most important UGT
isoform(s) responsible for the metabolism of flavonoids based on change in flavonoid
structure across and within different sub-classes. Another objective of the study was to

observe if the UGT fingerprinting could help to predict the major organ (liver or small
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intestine) which might be responsible for glucuronidation of flavonoids based on the in

vivo expression of major isoforms in human organs.

To understand the effect of change in the backbone of flavonoids on their metabolism by
different UGT isoforms, we first studied the glucuronidation of one compound each from
five major sub-classes; apigenin (flavones), genistein (isoflavones), kaempferol
(flavonols), naringenin (flavanones) and phloretin (chalcone) (Figure 1, pg 5). These
compounds were analogs of apigenin in different sub-classes with the hydroxyl group at
similar position as in apigenin (C- 5, 7 and 4’). Second, to study the effect of change in
position and number of hydroxyl group on the same backbone on the SMR of flavonoids
with various UGT isoforms, we used flavones and flavonol sub-classes. Six congeneric
compounds of flavonol subclass, 3-hydroxyflavone, 3,4’-dihydroxyflavone, 3,7-
dihydroxyflavone, 3,4°,7-trinydroxyflavone, 3,5,7-trihydroxyflavone, and 3,5,7,4’-
tetrahydoxyflavone; and four congeneric compounds of flavones subclass, 5,4’-
dihydroxyflavone,  5,7-dihydroxyflavone,  7,4’-dihydroxyflavone, and 5,7,4’-

trihydroxyflavone (Figure 4).
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4.3. Materials and Methods

4.3.1. Materials

Genistein (Gen), naringenin (Nar), phloretin (Phlor), 3-hydroxyflavone (3HF), 3,4’-
dihydroxyflavone (3,4’DHF), 3,7-dihydroxyflavone (3,7DHF), 5,4’-dihydroxyflavone
(5,4’DHF), 5,7-dihydroxyflavone (5,7DHF), 7,4’-dihydroxyflavone (7,4’DHF), 3,7,4’-
trihydroxyflavone or resokaempferol (3,7,4’THF) and 3,5,7-trihydroxyflavone  or
galangin (3,5,7THF), 5,7,4’-trihydroxyflavone or apigenin (Api or 5,7,4’THF), 3,5,7,4’-
tetrahydroxyflavone or kaempferol (3,5,7,4’QHF or Kamp), were purchased from
Indofine Chemicals (Somerville, NJ). Recombinant human UGT isoforms (Supersomes)
were purchased from BD Biosciences (Woburn, MA). Uridine diphosphoglucuronic acid
(UDPGA), alamethicin, D-saccharic-1,4-lactone monohydrate, magnesium chloride, and
Hanks’ balanced salt solution (powder form) were purchased from Sigma-Aldrich (St
Louis, MO). All other materials (typically analytical grade or better) were used as

received.

4.3.2. Solubility and stability of the tested flavonoids

Solubility and stability of the tested flavonoids were established at the experimental

conditions as per the method explained in section 3.1 (Chapter 3).
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4.3.3. Glucuronidation activities of recombinant human UGTs

The incubation procedures for measuring UGTs’ activities were essentially the same as
published before.”" 2 Briefly, incubation procedures using supersomes were as follows:
(1) supersomes (final concentration = in range of 0.013~0.053 mg of protein per mL as
optimum for the reaction), magnesium chloride (0.88 mM), saccharolactone (4.4 mM),
alamethicin (0.022 mg/mL), different concentrations of substrates in a 50 mM potassium
phosphate buffer (pH 7.4), and UDPGA (3.5 mM, add last) were mixed; (2) the mixture
(final volume ) 200 pL) was incubated at 37°C for a predetermined period of time (30 or
60 min); and (3) the reaction was stopped by the addition of 50uL of 94% acetonitrile/6%
glacial acetic acid containing 100 uM of testosterone or 50 uM of 5-hydroxyflavone or
formononetin as internal standard. Testosterone was used as internal standard for
genistein, phloretin, naringenin, 3,4’DHF, 7.4’THF, 3,7,4’THF, 5,74THF and
3,5,7,4’QHF; formononetin for 3HF, 5,4’DHF, 5,7DHF and 3,5,7THF; and 5-
hydroxyflavone for 3,7DHF. Three substrate concentrations, 2.5, 10 and 35 pM were

used for the studying the UGT isoforms.

4.3.4. UPLC analysis of flavonoids and their glucuronides

We analyzed flavonoids and their respective glucuronides by using the following
common method: system, Waters Acquity UPLC with photodiode array detector and

Empower software; column, BEH Cyg, 1.7 um, 2.1 x 50 mm; and injection volume, 10uL.
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Compound-specific mobile phase, flow rate and gradient conditions are described in table
4. Genistein, naringenin, phloretin, 5,7DHF, 3,5,7THF, 3,5,7,4’QHF and their respective
glucuronides were analyzed 254, 286, 286, 268, 263 and 254 nm, respectively. 3HF,
3,4°'DHF, 3,7DHF 5,4’DHF, 74°DHF, 3,7,4’THF, 5,7,4’THF and their respective
glucuronides were analyzed at 340 nm. Testosterone was analyzed at 254, while 5-

hydroxyflavone and formononetin were analyzed at 268 nm.

Linearity was established in the range of 0.3-20 uM (total 7 concentrations) for 3,7DHF,
5,4’DHF, 5,7DHF, 7,4’DHF, and 3,5,7THF and 0.16-20 uM (total 8 concentrations) for
other compounds. The LLOQ for all compounds was 0.3 uM for 3,7DHF and 3,5,7THF
and 0.16 uM for all other compounds. Linearity was established in the range of 0.78-50
uM (total 7 concentrations) for all compounds. Analytical methods for each compound
were validated for inter-day and intra-day variation using 6 samples at three
concentrations (50, 12.5 and 1.56 uM). Precision and accuracy for all compounds were in

acceptable range of 85% to 115%.

4.3.5. Quantification of glucuronides of flavonoids

The quantification of glucuronides of flavonoids was done using the standard curve of the
parent compound with a correction factor for difference in extinction coefficient of the
compound and its metabolites. The correction factor was measured using the method as

explained in section 3.5 and 3.6 (Chapter 3).
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Table 4 UPLC conditions for analyzing flavonoids and their glucuronides.

Gradient

Compounds Mobile phase A Mobile phase B Condition

Apigenin 100% aqueous buffer

(5,7,4’THF) (2.5mM NH4ACc, pH 3) 100% Acetonitrile Condition 1
100% aqueous buffer 100% Acetonitrile

Genistein (2.5mM NH4ACc, pH 3) Condition 1
100% aqueous buffer 100% Acetonitrile

Phloretin (2.5mM NH4ACc, pH 3) Condition 1
100% aqueous buffer 100% Acetonitrile

Naringenin (2.5mM NH4ACc, pH 3) Condition 1
100% aqueous buffer 100% Acetonitrile

3HF (2.5mM NH,Ac, pH 3) Condition 1
100% aqueous buffer 100% Acetonitrile

3,4'DHF (2.5mM NH,Ac, pH 3) Condition 1
100% aqueous buffer 100% Acetonitrile

3,7DHF (2.5mM NH,Ac, pH 3) Condition 1
100% aqueous buffer 100% Acetonitrile

3,7,4'THF (2.5mM NH,Ac, pH 3) Condition 1
100% aqueous buffer

3,5,7THF (2.5mM NH,Ac, pH 3) 100% Acetonitrile Condition 1

Kaempferol

(3,5,7,4°QHF) 0.2% Formic acid 100% Methanol Condition 2
100% aqueous buffer

5,4 DHF (2.5mM NHAC, pH 7.4) 100% Methanol Condition 2
100% aqueous buffer

5,7DHF (2.5mM NHAC, pH 7.4) 100% Methanol Condition 2
100% aqueous buffer

7,4’DHF (2.5mM NHAc, pH 7.4) 100% Methanol Condition 2

Condition 1: 0 to 0.3 min, 10% B, 0.3 to 2.9 min, 10-50%B, 2.9 to 3.2 min, 50-90%B,
3.2 t0 4.0 min, 90% B; flow rate = 0.5 ml/min. Condition 2: 0 to 2min, 10-20% B, 2to 3
min, 20-40%B, 3 to 3.5 min, 40-50%B, 3.5 to 4.0 min, 50-70% B, 4.0 to 5.0 min, 70-
90% B, 5.0 to 5.5 min, 90-10% B, and 5.5 to 6.0 min, 10% B, flow rate = 0.45 ml/min.
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4.3.6. Confirmation of flavonoids glucuronide structure by LC-MS/MS

Flavonoids and their respective glucuronides were separated by the same UPLC system
but using slightly different chromatographic conditions because of mass spectrometer
requirements. Here, mobile phase A was ammonium acetate buffer (pH 7.5) and mobile
phase B was 100% acetonitrile with the gradient as follows: 0-2.0 min, 10-35% B, 2.0-
3.0 min, 35-70% B, 3.2-3.5 min, 70-10% B, 3.5-3.7 min, 10% B. The flow rate was 0.5
mL/min. The effluent was introduced into an APl 3200 Qtrap triple-quadrupole mass
spectrometer (Applied Biosystem/MDS SCIEX, Foster City, CA) equipped with a

TurbolonSpray ™ source.

The mass spectrometer was operated in negative ion mode to perform the analysis of
flavonoids and their respective glucuronides. The main working parameters for the mass
spectrometers were set as follows: ion source temperature, 600°C; nebulizer gas (gasl),
nitrogen, 40 psi; turbo gas (gas2), nitrogen, 40 psi; curtain gas, nitrogen, 20 psi; DP, -50
V; EP, -10V; CE, -30V; CXP, -3V and IS -4.5KV. Minor adjustments were then made for
each flavonoid. Flavonoids mono-O-glucuronides were identified by MS and MS2 full

scan modes.

The glucuronides were extracted by solid phase extraction from the glucuronidation
experiment samples and re-constituted in small amount of 30% acetonitrile in water. The

concentrated samples were then used to identify the glucuronides in UPLC/MS/MS.
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4.3.7. Data analysis

Rates of metabolism in recombinant human UGT isoforms were expressed as amounts of

metabolites formed per min per mg protein or nmol/hr/mg.

4.3.8. Statistical analysis

One-way ANOVA or an unpaired Student’s t-test (GraphPad Prism®, GraphPad software
Inc., CA) with or without Tukey-Kramer multiple comparison (posthoc) tests was used to
analyze the statistical significance among various data. The prior level of significance

was set at 5%, or p<0.05.
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4.4. Results

4.4.1. Confirmation of flavonoid glucuronides structure by LC-MS/MS

We conducted simple LC-MS/MS studies of the metabolites to show that most
glucuronides formed during the glucuronidation study were mono-O-glucuronides
(Figures 1-13, Appendix A). We only found two di-O-glucuronides of flavonoid in this
study by galangin and kaempferol, but in very small concentrations. Genistein and
naringenin formed only one quantifiable mono-O-glucuronide (Figures Alb and Ald,
Appendix A), while apigenin formed two quantifiable mono-O-glucuronides (Figures
A2a-A2b, Appendix A). Phloretin and (Figures A3b-A3c, Appendix A) kaempferol
(Figures Ada-A4c, Appendix A) formed three quantifiable mono-O-glucuronides each.
Due to the closely eluting peaks of the three glucuronides of phloretin, we were able to
clearly identify only two of the glucuronides (Figures A3b-A3c, Appendix A). We
believe the peak of third mono-O-glucuronide had been merged with one of the other two
mono-O-glucuronides, making it undetectable, as MS could not differentiate between two
overlapping mono-O-glucuronides. Also, the second glucuronides of genistein and

naringenin were detectable in concentrated samples in UPLC/MS/MS.

One mono-O-glucuronide of 3HF (Figure A5, Appendix A), two mono-O-glucuronides

of each 3,4’DHF (Figure A6, Appendix
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A) and 3,7DHF (Figure A4, Appendix A), and three mono-O-glucuronides of each
3,74'THF (Figure A7, Appendix A), 3,5, 7THF (Figure A8, Appendix A) and
3,5,7,4’QHF (Figure A4, Appendix A) were detected in the glucuronidation samples.
Galangin formed one di-O-glucuronide with UGT1A7 and 1A9 at 10 and 25uM substrate
concentrations, whereas kaempferol formed one di-O-glucuronide with UGT1A10 only at
the higher concentration (25uM) (LC plots not shown here). Since the concentrations of
di-O-glucuronides formed in the study were small, we decide not to quantify di-O-
glucuronides of these compounds in the study. Two mono-O-glucuronides was detected
for each 5,4°’DHF (Figure Al1l, Appendix A), 5,7DHF (Figure A12, Appendix A), and
7,4’DHF (Figure A13, Appendix A) in the glucuronidation study samples. Figure 10
(Chapter 5, pg 104-107) showed the UPLC chromatograms (left panel) and UV spectra
(right panel) of tested flavonols and flavones and their regiospecific glucuronides formed
by various UGTs. UV spectra of genistein, naringenin phloretin, and their respective

glucuronides were shown in Figure D1 (Appendix D).

4.4.2. Determination of correction factors for glucuronides of flavonoids

Amounts of glucuronides formed were determined using the corrections factors for
individual glucuronides of flavonols as described in the method section. UGT isoforms
and wavelength used in generation of correction factor and the correction factor for each
glucuronides are detailed in Tables C1-C3 (Appendix C). The correction factors were in

the range of 0.5 (for 3-O-G of 3HF) to 2.5 (for 3-O-G for 3,7DHF).
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4.4.3. Glucuronidation “fingerprints” of flavonoids across sub-classes by 12

recombinant human UGTSs.

We studied the glucuronidation of five flavonoids from different sub-classes by 12
recombinant human UGTs to identify the effect of backbone change with same number
and position of hydroxyl group (except kaempferol with an extra hydroxyl group at
position C-3) on the selection of most important UGT isoforms contributing to the

metabolism of flavonoids (Figure 5).

For most flavonoids across different sub-classes certain selective UGT isoforms were
contributing more to the metabolism than others. Genistein (with phenyl side chain at C-
3) was the slowest metabolizing compound in the series (p<0.05) (Figure 5a), followed
by apigenin (Figure 5b) < naringenin (with saturated of C2-C3 double bond) (Figure 5c)
< phloretin (with open ring structure) (Figure 5d) < kaempferol (with hydroxyl group at
C-3) (Figure 5e) (p<0.05). This showed that the addition of hydroxyl group at C-3,
saturation of C2-C3 double bond as well as the opening of the ring in the flavone
(apigenin) structure improved the overall glucuronidation. Also, most flavonoids except
genistein were highly metabolized though at different rates by different UGTs. Below we

discussed the top five isoforms primarily glucuronidating these flavonoids.

For genistein (Figure 5a), UGT1A9 (45.28 + 1.42) and 1A8 (18.99 + 2.49) were the most

important UGT isoforms, followed by its poor glucuronidation by 1A10 (5.93 £ 0.22),
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1A1 (4.19 £ 0.43) and 1A3 (2.31 + 0.23 nmol/hr/mg of protein). For apigenin, the most
important isoforms were in the rank order: UGT 1A9 (71.96 = 7.87) > 1A8 (53.41 + 7.08)
> 1A1 (28.44 + 2.55) > 1A3 (23.72 + 0.56) > 1A7 (19.48 + 3.52) ~ 1A6 (17.02 + 0.69
nmol/hr/mg of protein) (Figure 5b). This showed that even with flavones and isoflavones
backbone difference, the top two isoforms were exactly the same (UGT1A9 and

UGT1AS8), though at a much higher rate than genistein (p<0.05) (Figures 5a-5b).

For naringenin again, the top two isoforms were similar to genistein and apigenin,
UGT1A9 (134.26 + 10.77) and 1A8 (44.82 + 4.98 nmol/hr/mg of protein) (Figure 5c).
However in contrast to apigenin, UGT1A10 (31.16 + 1.20 nmol/hr/mg of protein) played
a more important role in glucuronidation of naringenin and glucuronidated naringenin at
least 6 times faster than 1A6 and 1A7 (p<0.05) (Figure 5c). This showed that UGT 1A6
and 1A7 did not prefer the saturation of C2-C3 double bond in naringenin structure,
whereas 1A10 did. The next two equally important isoforms for naringenin were UGT

1A1(17.95 £ 0.29) and 1A3 (21.68 £1.30 nmol/hr/mg of protein) (Figure 5c).

In case of kaempferol, which was the highest glucuronidated flavonoid in the series, the
top two isoforms were again UGT1A9 (374.43 + 8.96) and 1A8 (105.37 = 2.26
nmol/hr/mg of protein) (Figure 5e). For kaempferol, UGT1A7 (42.53 + 2.60 nmol/hr/mg
of protein) was important but UGT1A3 and 1A6 were not. Like naringenin, UGT1A10
played an important role in glucuronidation of kaempferol (30.95 + 1.14 nmol/hr/mg of

protein) (Figure 5e).
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Figure 5. Glucuronidation of flavonoids from five sub-classes by 12 recombinant
human UGTs.

Genistein (isoflavone) (a), apigenin (flavone) (b), naringenin (flavonone) (c), phloretin
(chalcone) (d) and kaempferol (flavonol) (e) at 10 uM concentration were incubated at 37
°C for 1 (or 0.5) hr with each UGT isoform (using optimum final protein concentration ~
0.25, 0.5 or 1 mg/ml). The amounts of mono-glucuronide(s) formed were measured using
UPLC. Rates of glucuronide(s) formation were calculated as nmol/hr/mg of protein. In
case of both phloretin and kaempferol, rates of glucuronide formation were calculated as
the sum of rates of formation of three mono-glucuronides of phloretin and kaempferol,
respectively. Each bar is the average of three determinations, and the error bars are the
standard deviations of the mean (n=3).
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UGT 1Al (19.06 + 0.66) and 2B7 (21.54 £ 0.98 nmol/hr/mg of protein) metabolized
kaempferol comparably but poorly (Figure 5e). For phloretin (an open ring flavonoid),
ranking of top five isoforms was completely different from other flavonoids. The most
important and highest contributing isoform was UGT1A8 (155.98 + 2.29), followed by
1A1 (36.07 £ 2.18 nmol/hr/mg of protein), which glucuronidated phloretin more than 4
times slower than 1A8 (p<0.05) (Figure 5d). The next three equally and poorly
contributing isoforms for phloretin were 1A9 (25.12 + 1.67), 1A7 (21.82 %= 0.63) and

1A10 (20.56 + 1.67) (p<0.05) (Figure 5d).

In general, UGT 1A9 and 1A8 were the two most important isoform for all compounds
from different sub-classes of flavonoids, except phloretin which was glucuronidated most
importantly by UGT 1A8, followed by 1Al and 1A9. Apart from UGT1A9 and 1A8,
UGT1A1 and UGT1A10 were the only isoform present among the top five isoforms for

all selected flavonoids.

4.4.4. Glucuronidation “fingerprints” of flavonol sub-class by 12 recombinant

human UGTs.

We studied the congeneric series of compounds in flavonol sub-class to see the effect of
change in number and position of hydroxyl group on the same backbone, on the selection

of most important UGT isoforms contributing to the metabolism of flavonoids (Figure 6).
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Figure 6. Glucuronidation of flavonols by 12 recombinant human UGTs.
3-hydroxyflavone (3HF) (a), 3,4’-dihydroxyflavone (3,4’DHF) (b), 3,7-dihydroxyflavone
(3,7DHF) (c), 3,7,4’-trihydroxyflavone (3,7,4’THF) (d), 3,5,7-trihydroxyflavone
(3,5,7THF) (e) and 3.,5,7,4 -tetrahydroxyflavone (3,5,7,4’QHF) (f) at 10 pM
concentration were incubated at 37 °C for 1 (or 0.5) hr with each UGT isoform (using
optimum final protein concentration ~ 0.25, 0.5 or 1 mg/ml). The amounts of mono-
glucuronide(s) formed were measured using UPLC. In case of flavonols with two or three
mono-glucuronides, rates of glucuronide formation were calculated as the sum of rates of
formation of two or three mono-glucuronides of flavonols, respectively. Each bar is the
average of three determinations, and the error bars are the standard deviations of the
mean (n=3).
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3HF was the fastest metabolizing compound by most UGT isoforms whereas 3,7,4’THF
was the slowest (p <0.05). The rank order of top five UGT isoforms for the
glucuronidation of 3HF was UGT 1A7 (255.40 + 12.84) < 1A8 (184.32 + 22.99) ~1A9
(168.75 + 22.9) ~1A1 (157.44 + 22.79) < 2B7 (130.13 £ 4.01 nmol/hr/mg of protein)
(Figure 6a). UGT 1A3, 1A6 and 1A10 metabolized 3HF relatively poorly, about 4 times
lower than UGT2B7 (Figure 6a). For 3,4’ DHF, the rank order of top five UGT isoforms
was also different from the rank order of 3HF: UGT 1A9 (68.65 * 2.22) < 1Al (46.02 =
1.51) < 1A8 (36.60 + 1.06) ~ 1A10 (35.04 * 2.49) < 2B7 (26.80 % 0.44 nmol/hr/mg of
protein) (Figure 6b). Whereas, the rank order of top UGT isoforms for glucuronidation of
3,7DHF was: UGT 1A9 (334.56 + 7.42) < 1A7 (160.90 + 4.93) < 2B7 (69.09 + 6.41) ~
1A8 (60.66 + 3.06) < 1Al (30.33 £ 1.83) ~ 1A3 (29.57 £ 0.71 nmol/hr/mg of protein)

(Figure 6c¢).

There were only five UGT isoforms which glucuronidated 3,7,4’THF in the following
rank order: UGT 1A9 (162.10 + 3.08) < 1A1 (33.88 + 1.67) < 2B7 (10.21 + 0.20) < 1A3
(5.97 £ 0.29) ~ 1A10 (5.57 £ 0.12 nmol/hr/mg of protein) (Figure 6d). The rank order of
top UGT isoforms for glucuronidation of 3,5,7THF was almost similar to the rank order
of 3,7DHF with only one difference: UGT 1A9 (413.42 + 23.89) < 1A7 (163.61 £ 6.28) <
1A8 (82.86 + 1.81) < 1A3 (41.82 + 2.22) ~ 1A10 (40.66 + 1.74) ~ 1Al (38.74 + 2.55
nmol/hr/mg of protein). UGT2B7 did not glucuronidate 3,5,7THF well (Figure 6e). The

rank order of top UGT isoforms for glucuronidation of 3,5,7,4°’QHF was: UGT 1A9
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(374.43 + 8.96) < 1A8 (105.37 + 2.26) < 1A7 (42.53 + 2.60) < 1A10 (30.95 + 1.14) <

2B7 (21.54 £ 0.98) ~ 1A1 (19.06 £ 0.66 nmol/hr/mg of protein) (Figure 6f).

The above data suggested that UGT1A9 was the most important isoform for the
glucuronidation of flavonols except for 3HF where 1A7 was more important than 1A9.
After UGT1A9, 1A8 and 1A1 were the most important isoforms, which were among the
top five glucuronidating isoform for all flavonols except for 3,7,4’THF, which was not a
substrate of UGT1A8. UGT1A7 was among the top three isoforms for all flavonols
except for 3,4’DHF and 3,7,4’DHF. Rest of the UGT isoforms (1A3, 1A10 and 2B7)

varied in their importance for each flavonol.

4.45. Glucuronidation “fingerprints” of flavone sub-class by 12 recombinant

human UGTs.

We also studied the congeneric series of compounds in flavone sub-class (5,4’DHF,
5,7DHF, 7,4’DHF and 5,7,4°’THF) to observe if the selection of most important UGT
isoforms contributing to the metabolism of flavonoids, based on number and position of
hydroxyl group, was dependent on the sub-class or backbone structure (Figures 3b and
5d-5e). We also re-plotted the data of mono-hydroxyflavones, 4’HF, SHF and 7HF from
Tang et al. (2010)*" here for comparison (Figure 7). 5,7DHF was the fastest whereas
5HF was the slowest metabolizing compound in the series, followed by 7,4’DHF (Figure

7).
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Figure 7. Glucuronidation of Flavones by 12 recombinant human UGTs.

4’-hydroxyflavone (4’HF) (a), 5-hydroxyflavone (5HF) (b), 7-hydroxyflavone (7HF) (c),
5,4’-dihydroxyflavone (5,4°’DHF) (d), 5,7-dihydroxyflavone (5,7DHF) (e) and 7.4’-
dihydroxyflavone (7,4’DHF) (f) at 10 uM concentration were incubated at 37 °C for 1 (or
0.5) hr with each UGT isoform (using optimum final protein concentration ~ 0.25, 0.5 or
1 mg/ml). The amounts of mono-glucuronide(s) formed were measured using UPLC. In
case of flavones with two mono-glucuronides, rates of glucuronide formation were
calculated as the sum of rates of formation of two mono-glucuronides of flavones. Each
bar is the average of three determinations, and the error bars are the standard deviations
of the mean (n=3). The data of 4’-hydroxyflavone (4’HF), 5-hydroxyflavone (5HF) and
7-hydroxyflavone (7HF) has been re-plotted for comparison from Tang et al. (2010).
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5,4’DHF was better glucuronidated than 4’HF or SHF by most UGT isoforms (Figure 7a,
7b and 7d). The rank order of top five UGT isoforms for glucuronidation of 5,4’DHF
was: UGT 1A1 (138.98 + 3.14) < 1A8 (52.37 + 1.02) ~ 1A10 (50.19 + 2.60) < 1A3
(42.42 £ 2.30) < 1A9 (26.75 = 1.14 nmol/hr/mg of protein) (Figure 7d). 5,7DHF was the
fastest metabolizing compound in the series by most isoforms (p<0.05) (Figure 7e). The
rank order of top five UGT isoforms for glucuronidation of 5,7DHF was almost the
reverse of the rank order of 5,4’DHF: UGT 1A9 (318.41 + 6.15) < 1A3 (111.86 + 3.69)
~1A8 (111.08 + 10.84) < 1A10 (56.58 £ 0.69) < 1A7 (50.76 + 2.49 nmol/hr/mg of

protein) (Figure 7d).

The rates of glucuronidation of 7,4’DHF by all metabolizing UGT isoforms were slower
that the rates of glucuronidation of 4’HF and 7HF (p<0.05) (Figures 7b, 7c and 7f). The
rank order of top five UGT isoforms for glucuronidation of 7,4’DHF was: UGT 1Al
(58.85 £ 1.83) < 1A9 (39.52 + 1.72) < 1A3 (28.90 £ 1.12) < 1A8 (14.12 + 0.59) < 1A10
(10.07 £ 0.64 nmol/hr/mg of protein) (Figure 7f). As discussed in section 4.4.4., for
5,7,4'THF (apigenin), the rank order of the most important isoforms was: UGT 1A9
(71.96 + 7.87) > 1A8 (53.41 £+ 7.08) > 1Al (28.44 + 2.55) > 1A3 (23.72 + 0.56) > 1A7

(19.48 £ 3.52) ~ 1A6 (17.02 + 0.69 nmol/hr/mg of protein) (Figure 5b).

The above results showed that UGT 1Al and 1A10 were the only isoforms which could

metabolize all flavonols. UGT1A8 and 1A9 were able to glucuronidate all flavonols
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except 4’HF, whereas UGT1A3 glucuronidated all flavones except two mono-
hydroxyflavones, 4’HF and 5SHF (Figures 5b and 7a-7f). UGT1A6 was only important
for 5,7DHF and 5,7,4’THF. Most flavones were either not glucuronidated by UGT2B7 or
glucuronidated poorly (Figures 5b and 7a-7f). Also, the ranking of top five isoforms for

all tested flavones were different.

In contrast to flavonols, there was no single isoform which metabolized all compounds at
the fastest rate. However, for all flavones either UGT1A1l or UGT1A9 was the top
isoform. This suggested that whether all compounds would share the similar most

important UGT isoforms was dependent on the flavonoid sub-class.

4.4.6. Concentration-dependent glucuronidation of flavonoids across sub-classes by

six most important recombinant human UGT isoforms.

We studied the rates of glucuronidation of five flavonoids with six major UGT isoforms
(1A1, 1A3, 1A7, 1A8, 1A9 and 1A10) at three different substrate concentrations (2.5, 10
and 35 pM) to see the effect of substrate concentration on the selection of the most
important isoform(s). The data suggested that the rank order of most important isoforms

for flavonoids changed with substrate concentrations (Figure 8).

For genistein, at 2.5uM substrate concentration, UGT 1A9 (46.87 + 5.88) and 1A1 (18.79
+ 0.84) were most important isoforms, whereas at 10uM, after UGT1A9, 1A8 (18.99 +

2.49) was more important than 1A1 (4.19 + 0.43 nmol/hr/mg of protein). However, at
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35uM substrate concentration, UGT1A8 (118.78 £+ 5.38) became the most important
isoform, followed by 1A9 (70.67 £ 2.88) and 1A10 (48.52 £ 6.20 nmol/hr/mg of protein)

(Figure 8a).

Similar behavior was shown by apigenin, where 2.5uM substrate concentration, UGT
1A9 (102.7 £ 2.61) and 1Al (26.92 * 3.48) were most important isoforms, whereas at
10pM, after UGT1A9, 1A8 (53.41 £ 7.08) was more important than 1A1 (28.44 + 2.55
nmol/hr/mg of protein). However, in this case, at 35uM substrate concentration,
UGT1AS8 (80.30 £ 2.26) became almost as important as 1A9 (99.12 + 8.17), followed by

1A6 (43.23 £ 6.05 nmol/hr/mg of protein) (Figure 8b).

In case of naringenin, the top two isoforms, UGT1A9 and 1A8, maintain the same rank
order at all the three substrate concentrations, although UGT1A3 became more important
at higher substrate concentrations (Figure 8c). For phloretin, rank order was almost
maintained the same at all the three substrate concentrations, UGT1A8 as the fastest
metabolizing isoform, followed by 1A1 and 1A9 (Figure 8d). For kaempferol, the rank
order at 35uM was exactly similar to that at 10uM, but changed at lower substrate
concentration, where after UGT 1A9, 1A1 (99.96 + 2.46) and 1A7 (63.01 + 2.65) were

more important isoforms than 1A8 (52.99 + 5.09 nmol/hr/mg of protein) (Figure 8e).
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Figure 8. Glucuronidation of flavonoids at three different concentrations from five
sub-classes by 6 major human UGT isoforms.
Genistein (isoflavone) (a), apigenin (flavones) (b), naringenin (flavonone) (c), phloretin
(chalcone) (d) and kaempferol (flavonol) (e) (at 2.5, 10 and 35 uM concentration) were
incubated at 37 °C for 1 (or 0.5) hr with each UGT isoform (using optimum final protein
concentration ~ 0.25, 0.5 or 1 mg/ml). The amounts of mono-glucuronide(s) formed were
measured using UPLC. Rates of glucuronide(s) formation were calculated as nmol/hr/mg
of protein. In case of both phloretin and kaempferol, rates of glucuronide formation were
calculated as the sum of rates of formation of three mono-glucuronides of phloretin and
kaempferol, respectively. Each bar is the average of three determinations, and the error
bars are the standard deviations of the mean (n=3).
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In general, UGT1A9 was the most important isoform for all flavonoids at all the three
substrate concentrations, except phloretin which was glucuronidated most importantly by
1A8 at all the three substrate concentrations (Figure 8). Moreover, for all compounds
except phloretin and naringenin, UGT 1A1 and 1A8 changed ranks at highest substrate
concentration. In general, after UGT1A9, UGT1Al was the second most important
isoforms at lowest substrate concentration (2.5uM) whereas 1A8 was the most important

isoforms at highest substrate concentration (35uM) (Figure 8).

4.4.7. Concentration-dependent glucuronidation of flavonols across sub-classes by

six most important recombinant human UGT isoforms.

We also studied the rates of glucuronidation of six flavonols with their respective six
major UGT isoforms (1Al, 1A3, 1A7, 1A8, 1A9, 1A10) at three different substrate
concentrations (2.5, 10 and 35 uM) to see the effect of substrate concentration on the
selection of the most important isoform(s). The data suggested that the rank order of most

important isoforms for flavonols changed with concentration (Figure 9).

At 2.5uM substrate concentration, 3HF was metabolized fast only by UGT1A1 (53.51 £
9.42), and poorly by UGT1A8 (5.61 + 0.84), 1A9 (5.78 + 0.12) and 2B7 (13.92 £ 0.12
nmol/hr/mg of protein) (Figure 9a). But at 10uM substrate concentration, it was

metabolized by all isoforms except UGT1A4.
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Figure 9. Glucuronidation of flavonols at three different concentrations by 6 major
human UGT isoforms.

3-hydroxyflavone (3HF) (a), 3,4’-dihydroxyflavone (3,4’ DHF) (b), 3,7-dihydroxyflavone
(3,7DHF) (c), 3,7,4’-trihydroxyflavone (3,7,4’THF) (d), 3,5,7-trihydroxyflavone
(3,5,7THF) (e) and 3,5,7,4’-tetrahydroxyflavone (3,5,7,4’QHF) (f) (at 2.5, 10 and 35 uM
concentration) were incubated at 37 °C for 1 (or 0.5) hr with each UGT isoform (using
optimum final protein concentration ~ 0.25, 0.5 or 1 mg/ml). The amounts of mono-
glucuronide(s) formed were measured using UPLC. Rates of glucuronide(s) formation
were calculated as nmol/hr/mg of protein. In case of flavonols with multiple
glucuronides, rates of glucuronides formation were calculated as the sum of rates of
formation of all mono-glucuronides. Each bar is the average of three determinations, and
the error bars are the standard deviations of the mean (n=3).
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At 35uM substrate concentration, except for UGT1A7 which was came last, the rank

orders of important isoforms of 3HF was similar to their rank order at 10uM (Figure 9a).

In case of 3,4°’DHF, all the three different concentrations have different rank order of
important isoforms, with UGT 1Al and 1A8 as top two most important isoforms at
lowest substrate concentration (2.5uM); UGT1A9 and 1Al at middle substrate
concentration (10puM); and UGT1A8 and 2B7 at highest substrate concentrations (35uM)

(Figure 9b).

At 2.5uM substrate concentration, 3,7DHF was glucuronidated by UGT1A9 (2143.10 +
252.96) about ~100 times faster than by UGT1A1 (24.33 + 1.44), and ~25 times faster
than by UGT1A7 (79.95 + 9.05 nmol/hr/mg of protein) (p<0.05) (Figure 9c). Also, the
glucuronidation of 3,7DHF at 2.5uM substrate concentration by UGT1A9 was about 6-10

times faster than its glucuronidation at 10 and 35uM (p<0.05) (Figure 9c).

For 3,7DHF, UGT1A9 was the most important isoform at all the three substrate
concentrations, followed by UGT1A7 at 2.5 and 10 uM substrate concentrations, whereas
by UGT1A8 at 35uM substrate concentration (Figure 9¢). Similarly, for 3,5,7THF also
UGT1A9 was the most important isoform at all the three substrate concentrations
followed by UGT1A7 at 2.5 and 10 uM substrate concentrations, whereas by UGT1A8

became as important as UGT1A9 at 35uM substrate concentration (Figure 9e).
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In case of 3,7,4’THF, the rank order at 2.5uM substrate concentration was exactly similar
to that at 10uM, but changed at higher concentration. UGT1A9 was again the most
important isoform at all the three substrate concentrations followed by UGT1A1l at 2.5
and 10 pM substrate concentrations, whereas by UGT2B7 at 35uM substrate
concentration (Figure 9d). For 3,5,7,4’QHF (kaempferol), the rank order at 35uM was
exactly similar to that at 10ptM, but changed at lower substrate concentration, where after
UGT1A9, 1A1 (99.96 + 2.46) and 1A7 (63.01 £ 2.65) were more important isoforms than

1A8 (52.99 £ 5.09 nmol/hr/mg of protein) (Figure 9e).

In summary, the change in substrate concentration showed a greater effect on the most
important UGT isoform within specific sub-class rather than across sub-classes. UGT1A9
was the most important isoform for all flavonols at 10pM substrate concentration, but not
necessarily at 2.5 and 35uM. At 2.5uM substrate concentrations, the first most important
isoform was either UGT 1A1 (3HF and 3,7,4’THF) or 1A8 (3,4’ DHF) or 1A9 (3,7DHF,
3,5,7THF, and 3,5,7,4°QHF). At 35uM substrate concentrations, the top two most
important isoform was either 1A8 ( for 3HF and 3,4’THF) or 1A9 (for 3,7DHF,
3,5,7THF, 3,7,4’THF and 3,5,7,4’QHF), except for 3,7,4’THF which was not a good
substrate of UGT1AS8. The rank order of most important UGT isoform at 35uM for most

flavonols was different from the rank order at 2.5uM substrate concentration.
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4.5. Discussion

UGT1A9, UGT1A8 and UGT1A1 are the most important isoforms that can glucuronidate
vast majority of tested flavonoids. Based on published UGT isoform mRNA expression
pattern in human organs, liver and intestine should serve as the major first-pass
metabolism organs for flavonoids. These UGT isoforms were able to efficiently (faster
rates) glucuronidate diverse types of flavonoid structures. This can be supported by the
fact that UGT 1A9 and UGT1A8 were the top two metabolizing isoforms for the
flavonoids (at 10pM substrate concentration) from different sub-classes, flavone
(apigenin), isoflavone (genistein), flavonone (naringenin) and flavonol (kaempferol)
(Figure 5). Only for the glucuronidation of compound from chalcone sub-class
(phloretin), which has open ring structure, UGT1A8 was the most important isoform,
followed by UGT1A1 (Figure 5). This strongly indicated that except phloretin, all
flavonoids with same numbers and positions of hydroxyl groups at different backbones
were glucuronidated by UGT1A9 exclusively expressed in liver and kidney,®* and

UGT1AS8 exclusively expressed in small intestine in humans.*

It is also be supported by the fact that within flavonol sub-class, compounds with
different numbers and positions of hydroxyl groups on the same backbone, were
glucuronidated fastest by UGT1A9, except for 3HF, where 1A7 was faster than 1A9
(Figure 6). After UGT1A9, 1A8 and 1A1 were the only two isoforms which were among

the top five glucuronidating isoform for all flavonols except for 3,7,4’THF, which was
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not a substrate of UGT1AS8. On the other hand, either UGT1A1 or UGT1A9 was the most
important isoform for the compounds within flavone sub-class, except for 7HF (Figures
5e and 7). UGT1A8 was also an important isoform for all flavones except 4’HF (Figure
7). This suggested that main metabolizing isoform was more affected by the numbers and

position of hydroxyl group in the structure than the backbone change.

Another evidence in support of the conclusion is that UGT1A9 was the most important
isoform for all the selected flavonoids across different sub-classes at all the three
substrate concentrations (2.5, 10 and 35uM), except for phloretin which was
glucuronidated most importantly by UGT1A8 at all the three substrate concentrations
(Figure 8). In general, for all flavonoids except phloretin, UGT1AL was the second most
important isoform at lower substrate concentration (2.5uM), while UGT1A8 was the

second most important isoform at higher substrate concentration (35uM) (Figure 8).

Similarly, in case of flavonol sub-class, at lower substrate concentration (2.5uM), the
most important isoform was either UGT1A1, or UGT1A8 or UGT1A9 (Figure 9).
Whereas, at higher substrate concentration (35uM), the top two most important isoform
was either UGT1A8 or UGT1A9, except for 3,7,4’THF which was not a good substrate
of UGT1A8 (Figure 9). This again suggested that the concentration-dependent rank order
of the important isoforms was more visible in case of change in numbers and position of

hydroxyl group in the structure than in case of the backbone change.
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Our conclusion is also supported by the published reports on glucuronidation of various
flavonoids by UGT isoforms. Recently published report by Tang et al. (2009) on UGT
“fingerprinting” of isoflavones, also showed that in general, UGT 1A1, 1AS8, 1A9 and
1A10 were the most important isoforms for glucuronidating isoflavones.®” As per the
published report on comparable mRNA expression of UGT1Al and 1A9 in human

liver,'®*

the sum of rates of glucuronidation of isoflavones by recombinant human
UGT1A1 and UGT1A9 showed good correlation well with their corresponding rates of
glucuronidation by human liver microsomes.?” This suggested that UGT fingerprinting of
flavonoids can be used to predict the metabolism of flavonoids by major metabolic

organs/tissues such as liver, intestine, kidney etc. based on their UGT isoforms

expression levels.

Another reports showed that most mono-hydroxyflavones were glucuronidated fastest by
UGT1A1L, 1A8 and 1A9 at three substrate concentrations (2.5, 10 and 35uM), whereas
UGT1A10 slowly glucuronidated all mono-hydroxyflavones at substrate concentrations
of 10 and 35 pM.™ Boersma et al. (2002) also showed that at 100uM substrate
concentration, luteolin (a flavone) was mainly metabolized by UGT1Al, 1A6, 1A8 and
1A9, whereas quercetin (a flavonol) was mainly metabolized by UGT1A1, 1A3, 1A8 and

UGT1A9.%°

Mizuma (2009) reported that the UGT1AL, UGT1A8, UGT1A9, and UGT1A10 were

responsible for raloxifene (a polyphenolic compound like flavonoids) glucuronidation
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and suggested that intestinal glucuronidation by UGT1A8 and 1A10 were mainly
responsible for low bioavailability of raloxifene.'® The present results also showed that
UGT 1A3, 1A6, 1A7, 1A10 and 2B7 played flavonoid structure-, substrate concentration-
and sub-class- dependent role in glucuronidating the flavonoids (Figures 5-9). This can

also be supported by various published reports.®” %17

In conclusion, UGT1A9, UGT1A8 and UGT1ALl are the most important UGT isoform
responsible for the glucuronidation of vast majority of flavonoids at the tested substrate
concentrations. Based on published UGT isoform mRNA expression pattern in human
organs, liver and intestine should serve as the major first-pass metabolism organs for
flavonoids. This study allowed us to choose the important UGT isoforms for further
investigation of regiospecific and substrate-selective glucuronidation of flavonoids. It
further gave us the rationale for choosing the isoforms for the purpose of developing

UGT isoform-specific in silico prediction models for flavonoid glucuronidation.
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UGT ISOFORM-DEPENDENT REGIOSPECIFICITY AND SUBSTRATE
SELECTIVITY OF GLUCURONIDATION OF FLAVONOIDS

5.1. Abstract

The objective of this study was to determine the regiospecificity and substrate selectivity
of the most important UGT isoforms responsible for the glucuronidation of flavones and
flavonols. We systematically studied the glucuronidation of 13 flavonoids (7 flavones and
6 flavonols, with hydroxyl group at C-3, C-4’, C-5, and/or C-7 positions) at a substrate
concentration of 10uM by 8 recombinant human UGT isoforms mainly responsible for
metabolism of flavonoids, UGT 1Al, 1A3, 1A6, 1A7, 1A8, 1A9, 1A10 and 2B7. We
showed that at 10uM substrate concentration, different UGT isoforms gave different
regiospecific glucuronidation patterns. UGT1AL equally glucuronidated 3-O, 7-O and 4’-
O, whereas UGT1A8 and 1A9 preferably glucuronidated only 3-O and 7-O positions.
UGT1Al1l showed no regiospecificity for glucuronidating any position, whereas,
UGT1A8 and UGT1A9 showed dominant, preferred or weak regiospecificity for 3-O or
7-0 position, depending on the structure of the compound. We showed that the rates of
glucuronidation of 3-O and 7-O positions in flavones and flavonols were affected by the
addition of multiple hydroxyl groups at different positions as well as by the substrate
concentrations (2.5, 10 and 35uM). We showed that in general, for flavones and
flavonols, the rates of glucuronidation by UGT1A1 reduced as number of hydroxyl group

in the structure increased, with few exceptions. We also showed that the addition of
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hydroxyl group at C-4’ reduced, whereas the addition of hydroxyl group at C-3, C-5
and/or C-7 improved the rates of glucuronidation of flavonoids by UGT1A8 and 1A9. In
conclusion, regiospecificity and substrate-selectivity was isoform-dependent. UGT1A8
and UGT1A9 preferred glucuronidation at 3-O position followed by 7-O, whereas
UGT1A1 showed no preference to glucuronidate any specific position. UGT1Al
activities towards flavonoids usually decreased with increasing number of hydroxyl
groups. On the other hand, UGT1A8 and UGT1A9 activities increased with addition of
hydroxyl group at 3-O, 5-O and/or 7-O positions, while decreased with addition of

hydroxyl group at 4’-O position.
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5.2. Introduction

UGTs utilize UDP-glucuronic acid as cofactor and transfer glucuronic acid to the usually
lipophilic substrates, forming hydrophilic conjugates called glucuronides. Substrates of
UGTs include endogenous compounds such as steroids, bile acids, bilirubin, hormones,
dietary constituents like flavonoids, xenobiotics such as morphine and valproic acid, the
products of phase | metabolism, and environmental toxins and carcinogens such as
PhIP.*® % % UGT-catalyzed glucuronidation reactions are responsible for 35% of all
drugs metabolized by phase Il enzymes.® Despite the important role of UDP-
glucuronosyltransferases (UGT) in the metabolism of drugs, environmental chemicals
and endogenous compounds, the structural features of these enzymes responsible for

substrate binding and selectivity remain poorly understood.®* 1%

For the glucuronidation reaction, the substrates typically possess hydroxyl group
(alcoholic, phenolic), carboxyl, sulfuryl, carbonyl, or amino (primary, secondary, or
tertiary) group in their structure. O-glucuronidations are more common than N- and C-
glucuronidation.** *> % The UGT superfamily is comprised of 4 families (UGT1, UGT2,
UGT3 and UGT8) and 5 subfamilies (UGT1A, UGT2A, UGT2B, UGT3A, and
UGT8A).> So far, 19 human UGT proteins have been isolated: UGT 1A1, 1A3, 1A4,
1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B10, 2B11, 2B15, 2B17, 2B28, 8Al, 3Al and

3A2.%> ® unlike CYP-450 isoforms which have shown to exhibit broad but specific
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substrate selectivities, UGT isoforms usually exhibit distinct but significantly overlapping

substrate selectivities.*> 1717

The metabolic clearance of flavonoids via glucuronidation may vary considerably owing
to factors including genetic polymorphism and drug interaction due to UGT enzyme as
well as efflux transporters involved in excretion of glucuronides.*® % 97 108 168,169 gy,cpy
factors affecting the metabolic clearance of flavonoids are important in regards to
development of flavonoids as chemopreventive agents as well as rationalizing and
optimizing dosage regimens of the established drugs co-administered with flavonoids.
Reaction phenotyping, i.e. the identification of the specific isoform(s) primarily
responsible for the metabolism of a compound, allows semi-quantitative prediction of
factors altering metabolic clearance in vivo.'?” Reaction phenotyping is readily achieved
in vitro using kinetic and inhibitor approaches for CYP-450-catalyzed drug
biotransformation.’”* ' However, in vitro reaction phenotyping of glucuronidated
compounds is less advanced because of the limited availability of UGT isoform selective

substrates and inhibitors."* ***

In addition to overlapping substrate selectivities, various UGT isoforms exhibit
regiospecificity in glucuronidation of various compounds. However, there is very limited
information available in literature on the regiospecificity of glucuronidation of
compounds in general and flavonoid in specific.> 87 % 100. 157. 160,170 The regiospecific

glucuronides of certain flavonoids have shown to exhibit different pharmacological
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actions in vivo.? ® Also, it has been proposed that glucuronides in systemic circulation
or after uptake into an organ such as liver, intestine and neutrophils may hydrolyze back
into aglycone by B-glucuronidase enzyme for pharmacological action. However, the rate
of flavonoid glucuronides hydrolysis depends on the position of conjugation, which could
affect the subsequent re-conjugation rate.”® % Therefore, it becomes important to
understand the regiospecificity of various UGT isoforms, as based on different expression
levels of UGTs in various metabolic organs and mode of administration of drug, the

exposure of regiospecific glucuronides to an organ may differ extensively.

In the previous chapter, we showed that certain UGT isoforms were important for the
glucuronidation of most flavonoids from different sub-classes. This provided evidence
that UGT isoforms showed over-lapping substrate selectivity for flavonoids. However,
different UGT isoforms showed differences in their rate and position of glucuronidation
of flavones and flavonols. Therefore, we decided to study all major UGT isoforms for the
preference of structure and position of glucuronidation using 13 flavonoids (7 flavones
and 6 flavonols) (Figure 4, pg 65) with hydroxyl groups at C-3, C-4’, C-5 and C-7
positions. This will help us to identify the compounds or structural features which might
be specific or better substrate of a particular UGT isoform. Additionally, it will give
insight into regiospecificity of various UGT isoforms and based on expression levels of
various metabolic organs such as liver and intestine, we might be able to predict the

relative occurrence of various regiospecific glucuronides of flavonoids.
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5.3. Materials and Methods

5.3.1. Materials

3-hydroxyflavone (3HF), 3,4’-dihydroxyflavone (3,4’DHF), 3,7-dihydroxyflavone
(3,7DHF), 5,4’-dihydroxyflavone (5,4’DHF), 5,7-dihydroxyflavone (5,7DHF), 7,4’-
dihydroxyflavone (7,4’DHF), 3,7,4’-trihydroxyflavone or resokaempferol (3,7,4’THF)
and 3,5,7-trihydroxyflavone or galangin (3,5,7THF), 5,7,4’-trihydroxyflavone or apigenin
(Api or 5,7,4°THF), 3,5,7,4’-tetrahydroxyflavone or kaempferol (3,5,7,4’QHF or
Kamp), were purchased from Indofine Chemicals (Somerville, NJ). 8 commercially
available recombinant human UGT isoforms (Supersomes), UGT 1A1, 1A3, 1A6, 1A7,
1A8, 1A9, 1A10, and 2B7, were purchased from BD Biosciences (Woburn, MA). Uridine
diphosphoglucuronic acid (UDPGA), alamethicin, D-saccharic-1,4-lactone monohydrate,
magnesium chloride, and Hanks’ balanced salt solution (powder form) were purchased
from Sigma-Aldrich (St Louis, MO). All other materials (typically analytical grade or

better) were used as received.

5.3.2. Identification of position of glucuronidation in the structure of flavones and

flavonols by UV shift method

The sites of glucuronic acid substitutions in flavones and flavonols were established
based on the online UV spectral shift method, optimized and validated in our lab based

on the published literature.*™® 2 Briefly, substitution of a single hydroxyl group by
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glucuronic acid in the structure of flavone at a specific position would result in diagnostic
shifts or no shift in Amax OF Band 1 (300-380 nm) and/or Band Il (240-280 nm) in the UV
spectrum of the resulting glucuronide as compared to the UV spectrum of parent
compound. Based on these differentiating diagnostic shifts for each position of
glucuronidation, structure of a glucuronide can be estimated. The details of the method

and its validation can be found in Singh et al. (2010).'"

5.3.3. Methods

All other methods used in this chapter were exactly similar to the ones described in

Chapter 4, sections 4.3.2 to 4.3.7, pg 68-73.
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5.4. Results

5.4.1. Confirmation of flavones and flavonols glucuronides structure by LC-MS/MS

We conducted simple LC-MS/MS studies of the glucuronides of flavonoids to identify
the degree of conjugation (mono- or di-) of glucuronides (Figures 1-13, Appendix A). All

the results obtained were same as described in the section 4.4.1 of Chapter 4.

5.4.2. Position of glucuronides in the structure of flavones and flavonols by UV shift

method

We determined the position of glucuronidation based on the diagnostic shift in Apax Of
Band I and Band Il of UV spectra of glucuronides (Figure 10). Tables B1-B3 (Appendix
B) showed the Amax Of Band | and Il of the selected flavones, flavonols and their
glucuronides and shift in Anax Of Band | and Band Il of the glucuronides as compared to
their corresponding aglycone. We do not yet have methods to identify the position of
glucuronidation of isoflavones (genistein), flavonone (naringenin) and chalcone

(phloretin), hence these are not reported here.
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Figure 10. UPLC chromatograms (left panel) and UV spectra (right panel) of
flavonoids and their regiospecific glucuronides.

Aglycone and regiospecific glucuronides of 3-hydroxyflavone (3HF), 3,4’-
dihydroxyflavone (3,4’DHF), 3,7-dihydroxyflavone (3,7DHF), 3,5,7-trihydroxyflavone
(3,5,7THF), 3.,7,4’-trihydroxyflavone (3,7,4’THF), kaempferol or 3,5,7,4’-
tetrahydroxyflavone (3,5,7,4’QHF), 5,7-dihydroxyflavone (5,7DHF), 5,4’-
dihydroxyflavone (5,4’DHF), 7,4’-dihydroxyflavone (7,4’DHF), apigenin or 5,7,4’-
trihydroxyflavone (5,7,4’THF) formed by various recombinant human UGT isoforms.
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For 3,4’DHF, the first glucuronide was 4’-O-G while the second glucuronide was 3-O-G,
whereas for 3,7 DHF, the first glucuronide was 3-O-G, while the second glucuronide was
glucuronidated at position C-7 (Figure 10). In case of 3,5, 7THF, the position of
glucuronidation of first, second and third glucuronides were 3-O-G, 7-O-G, and 5-O-G,
respectively (Figure 10). In case of both 3,7,4’THF and 3,5,7,4’QHF (kaempferol), the
position of glucuronidation of first, second and third glucuronides were 7-O-G, 4’-O-G,

and 3-O-G, respectively (Figure 10).

First and second glucuronide of 5,4’DHF was 5-O-G and 4’-O-G respectively. Similarly
for 5,7DHF, the first glucuronide was 5-O-G, while the second glucuronide was 7-O-G
(Figure 10). In case of 7,4’DHF, the position of conjugation of first and second
glucuronides were 7-O-G, 4’-O-G, respectively, whereas, only one quantifiable
glucuronide was observed in case of 5,7,4’THF (apigenin), glucuronidated at C-7 (Figure

10).

5.4.3. Determination of correction factors for glucuronides of flavones and flavonols

Amounts of glucuronides formed were determined using the corrections factors for
individual glucuronides of flavonols and flavones as described in the method section.
UGT isoforms and wavelength used in generation of correction factor and the correction
factor for each glucuronides are detailed in Tables C2-C3 (Appendix C). The correction

factors were in the range of 0.5 (for 3-O-G of 3HF) to 2.5 (for 3-O-G for 3,7DHF).
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5.4.4. Regiospecificity of flavonoids glucuronidation by UGTs

We studied the regiospecificity of flavonols and flavones glucuronidation, i.e. preference
of glucuronidating a particular hydroxyl group position by UGT 1A1, 1A3, 1A6, 1A7,
1A8, 1A9, 1A10 and 2B7. For the ease of understanding the data, the regiospecificity
here is randomly defined into four categories: dominant, preferred, weak and none.
Dominant regiospecificity means that one hydroxyl group position in the structure is
dominantly glucuronidated, such as the ratio of the dominant glucuronide to other
glucuronide(s) is equal to or more than 9:1. Preferred regiospecificity means that either
hydroxyl group at only one position is glucuronidated and no other, or one or two
hydroxyl group(s) are preferably glucuronidated in comparison to other(s), such that the

ratio of preferred to other(s) glucuronide is equal to or more than 3:1.

Weak regiospecificity means that the glucuronidation of one hydroxyl group was weakly
preferred to other, such that the ratio of preferred to other glucuronide is equal to or more
than 2:1, whereas no regiospecificity means that glucuronidation of no hydroxyl group(s)
is significantly preferred to other(s), such that such that the ratio of one to other
glucuronide(s) is less than 1:2. All UGT isoforms were studied for their regiospecificity

for each compound based into these random categories.
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Figure 11. Regiospecific glucuronidation of flavonols by UGTs.

Rate of glucuronidation of regiospecific glucuronides of 3HF (a), 3,4’DHF (b), 3,7DHF
(c), 3,7,4THF (d), 3,5,7THF (e) and 3,5,7,4’QHF (f) with UGT 1Al, 1A3, 1A6, 1A7,
1A8, 1A9, 1A10 and 2B7. Flavonols (at 10 uM concentration) were incubated at 37 °C
for 1 (or 0.5) hr with UGTs (using optimum final protein concentration ~ 0.25, 0.5 or 1
mg/ml). The amounts of each regiospecific mono-glucuronide formed were measured
using UPLC. Rates of mono-glucuronide formation were calculated as nmol/hr/mg of
protein. Each bar is the average of three determinations, and the error bars are the

standard deviations of the mean (n=3).
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Flavonols: In general, most isoforms preferably glucuronidated 3-O position in the
structure of flavonols, followed by glucuronidation of 7-O position, except 1A3, which
exclusively preferred glucuronidation of 7-O position. However, different isoforms might
fall in different categories of regiospecificity depending upon structure of compounds. In
case of 3,4’DHF, all isoforms showed dominant regiospecificity by glucuronidating
almost only the 3-O position, except UGT1Al, 1A3 and 1A10 which showed no
regiospecificity and glucuronidated both hydroxyl groups at C-4’position and C-3

positions comparably (Figure 11b).

In case of 3,7DHF, different isoforms showed greater differences in their regiospecificity.
UGT1A3 and 2B7 were dominantly regiospecific by glucuronidating hydroxyl group
only at C-7 position, whereas UGT1A7 dominantly glucuronidated hydroxyl group at C-3
position, which glucuronidated 16 times faster than 7-O position. UGT1Al and 1A10
showed no regiospecificity and glucuronidated both positions comparably, whereas,
UGT1A8 and 1A9 showed preferred regiospecificity by preferring glucuronidation of 3-

O than 7-0 position (Figure 11c).

In case of 3,7,4’THF, UGT1A1l, 1A10 and 2B7 glucuronidated all the three hydroxyl
groups and showed no regiospecific preference for any position, whereas 1A3 and 1A9
glucuronidated hydroxyl groups at C-3 and C-7 positions only, with 3-O as more favored

position of glucuronidation (Figure 11d). UGT1A9 showed preferred regiospecificity by
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preferring glucuronidation of 3-O than 7-O position, whereas UGT1A3 showed weak

regiospecificity by preferring glucuronidation of 7-O than 3-O position (Figure 11d).

In case of 3,5,7THF, UGT1ALl preferred glucuronidation of 3-O and 7-O positions only,
but the glucuronidation of 7-O was only weakly preferred over 3-O position. UGT1A3
was dominantly regiospecific by glucuronidating hydroxyl group at C-7 position only,
whereas UGT1A7 dominantly glucuronidated hydroxyl group at C-3 position, which
glucuronidated 10 times faster than 7-O position (Figure 11e). UGT1A6 and 1A10
glucuronidate only 3-O and 5-O positions, in which 1A6 did not show any
regiospecificity whereas 1A10 weakly preferred 3-O to 5-O position. UGT2B7
glucuronidated all the three positions in the following approximate ratio: 8 (5-0): 3 (3-
0): 1 (7-O) (Figure 11e). UGT1AS8 also glucuronidated all the three positions but showed
dominant regiospecificity for 3-O position, which glucuronidated 8 times faster than both
7-O and 5-O. UGT1A9 glucuronidated only 3-O and 7-O positions but showed no

regiospecific preference for any of the positions (Figure 11e).

In case of 3,5,7,4°QHF, no isoforms showed any dominant regiospecificity for any
position. UGT 1A1, 1A3, 1A7, 1A8 and 1A9 preferred the glucuronidation of 3-O and 7-
O positions over 4’-O position. However, between 3-O and 7-O, UGT 1A1, 1A3 showed
no regiospecific preference, whereas 1A7, 1A8 and 1A9 only weakly preferred 3-O

position (Figure 11f).
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Figure 12. Regiospecific glucuronidation of flavones by UGTSs.
Rate of glucuronidation of regiospecific glucuronides of 5,4’DHF (a), 5,7DHF (b),
7,4 DHF (c), and 5,7,4’THF (d) with UGT 1Al, 1A3, 1A6, 1A7, 1A8, 1A9, 1A10 and
2B7. Flavones (at 10 pM concentration) were incubated at 37 °C for 1 (or 0.5) hr with
UGTs (using optimum final protein concentration ~ 0.25, 0.5 or 1 mg/ml). The amounts
of each regiospecific mono-glucuronide formed were measured using UPLC. Rates of
mono-glucuronide formation were calculated as nmol/hr/mg of protein. Each bar is the
average of three determinations, and the error bars are the standard deviations of the

mean (n=3).
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UGT 1A6 and 2B7 glucuronidated only 7-O and 4°-O position, where UGT1AG preferred
regiospecific glucuronidation of 4’-O position, whereas, 2B7 showed no preference at all
(Figure 13f). UGT1A10 glucuronidated all the three position in the following ratio: 6 (3-

0): 2 (7-0): 1 (4>-0) (Figure 11f).

In general, UGT1A1, 1A6, 1A10 and 2B7 did not show any dominant regiospecificity for
any position, however in some cases, preferred or weak regiospecificity can be seen for
glucuronidation of different positions of flavonols. UGT1A3 showed dominant
regiospecificity for 7-O position, whereas 1A7 showed dominant regiospecificity for 3-O
position. UGT1A8 and 1A9 preferably glucuronidated 3-O and 7-O positions only, with

preferred or weak regiospecificity for 3-O position in most cases.

Flavones: In general, most isoforms preferably glucuronidated 7-O position in the
structure of flavonols, followed by glucuronidation of 4’-O position to some extent
(Figure 12). In case of 5,4’DHF, except UGT2B7, all metabolizing isoforms
glucuronidated both hydroxyl groups at both C-5 and C-4’, though 4°-O was the preferred
position of glucuronidation in all cases. UGT1Al, 1A9 and 1A10 showed dominant
regiospecificity, whereas, 1A3 and 1A8 showed preferred regiospecificity for 4’-O
position (Figure 12a). In 5,7DHF, UGT1Al, 1A3, 1A8 and 1A9 glucuronidated 7-O

position only and hence showed dominant regiospecificity towards 7-O position (Figure
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12b). On the other hand, UGT1A6, 1A10 and 2B7 glucuronidated both 7-O and 5-O

positions, but showed only preferred regiospecificity towards 7-O position (Figure 12Db).

In case of 7,4’DHF, except UGT1AG6, all metabolizing isoforms glucuronidated both
hydroxyl groups at C-7 and C-4’ positions. UGT 1A3 and 1A6 showed dominant
regiospecificity for glucuronidation of 7-O position, whereas UGT1Al, 1A8 and 1A9
showed only preferred regiospecificity for glucuronidation of 7-O position (Figure 12c).
UGT1A10 did not show any regiospecificity and glucuronidated both positions
comparably (Figure 14c). In case of 5,7,4’THF, all isoforms showed dominant

regiospecific glucuronidation of hydroxyl group at C-7 position only (Figure 12-D).

In summary, for flavones with hydroxyl group at C-7 position, most UGT isoforms
showed either dominant or preferred regiospecificity for glucuronidating 7-O position
over 4’-O and 5-O position. In absence of hydroxyl group at C-7 position, most UGT
isoforms showed either dominant or preferred regiospecificity for glucuronidating 4’-O

position over 5-O position.

5.4.5. Regiospecificity of UGT 1Al, 1A8 and 1A9 for flavonoids glucuronidation

We studied in detail the effect of differences in numbers and positions of hydroxyl groups
in the structure of flavonoids, on the regiospecific glucuronidation of flavonoids,

specifically the glucuronidation of 3-O and 7-O positions.
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Figure 13. Regiospecific glucuronidation of flavonoids by UGT1A1.

Flavonoids (flavones and flavonols at 10 pM concentration) were incubated at 37 °C for 1 (or 0.5) hr with UGT1A1
(using optimum final protein concentration ~ 0.25, 0.5 or 1 mg/ml). The amounts of mono-glucuronide(s) formed were
measured using UPLC. The amounts of each regiospecific mono-glucuronide formed were measured using UPLC.
Rates of mono-glucuronide formation were calculated as nmol/hr/mg of protein. Each bar is the average of three
determinations, and the error bars are the standard deviations of the mean (n=3). The data of 4’-hydroxyflavone (4’HF),
5-hydroxyflavone (5HF) and 7-hydroxyflavone (7HF) has been re-plotted for comparison from Tang et al. (2010) **.
The regiospecific data of other flavonoids has been re-plotted from Figures 11 and 12.
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UGT1Al: UGT1A1 was able to effectively glucuronidate 3-O, 4’-O and 7-O position in
selected flavonoids, but 5-O position was not favored (Figure 13). In case of di-
hydroxyflavones, UGT1A1 did not show any regiospecific preference of glucuronidation
between 3-O and 4’-O or 3-O and 7-O positions (Figure 13). However, between 7-O and
4’-0, UGT1AL1 showed preferred regiospecificity for 7-O position, whereas between 5-O
and 7-0O, it showed dominant regiospecificity for 7-O position (Figure 13). Between 5-O

and 4’-0O, 4°-O was dominantly preferred position of glucuronidation (Figure 13).

In case of tri- and tetra- hydroxyflavones, in absence of hydroxyl group at C-3 position
(i.e. 5,7,4THF), 7-O was dominantly preferred position of glucuronidation (Figure 13).
In presence of hydroxyl group at C-3, UGT1Al showed either no or weak

regiospecificity for any position (Figure 13).

In general, rates of glucuronidation of hydroxyl group at C-3 and C-7 position by
UGT1AL1 reduced as the number of hydroxyl groups increase in the structure of flavonols
and flavones, although the magnitude of reduction was more when the hydroxyl group

was added at C-7 and/or C-5 positions than at C-4’ position (p < 0.05) (Figure 13).

UGT1A8: UGT1AS8 preferably glucuronidated 3-O position when hydroxyl group is
present at C-3. In cases where there was no hydroxyl group at C-3 position, 7-O was the
preferred position of glucuronidation. In general, glucuronidation of 4’-O and 5-O was

not much favored by UGT1A8 (Figure 14).
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Figure 14. Regiospecific glucuronidation of flavonoids by UGT1AS8.

Flavonoids (flavones and flavonols at 10 uM concentration) were incubated at 37 °C for 1 (or 0.5) hr with UGT1A8
(using optimum final protein concentration ~ 0.25, 0.5 or 1 mg/ml). The amounts of mono-glucuronide(s) formed were
measured using UPLC. The amounts of each regiospecific mono-glucuronide formed were measured using UPLC.
Rates of mono-glucuronide formation were calculated as nmol/hr/mg of protein. Each bar is the average of three
determinations, and the error bars are the standard deviations of the mean (n=3). The data of 4’-hydroxyflavone (4’HF),
5-hydroxyflavone (5HF) and 7-hydroxyflavone (7HF) has been re-plotted for comparison from Tang et al. (2010) **.

The regiospecific data of other flavonoids has been re-plotted from Figures 11 and 12.
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In case of di-hydroxyflavones, UGT1A8 showed dominant regiospecific preference for
glucuronidation of 3-O and 7-O position in 3,4’DHF and 5,7DHF, respectively (Figure
14). UGT1AS8 showed preferred regiospecificity for glucuronidating 3-O, 4°-O and 7-O

position in 3,7DHF, 5,4’ DHF and 7,4’DHF, respectively (Figure 14).

In case of tri- and tetra- hydroxyflavones, in absence of hydroxyl group at C-3 position
(i.e. 5,7,4’THF), 7-O was dominantly preferred position of glucuronidation by UGT1A8
In presence of hydroxyl group at C-3, regiospecificity of UGT1A8 was dependent on the
compound structure. 3,7,4’THF was not glucuronidated at all. For 3,5,7THF, UGT1AS8
showed dominant regiospecificity for 3-O position over 7-O and 5-O position, whereas
3,5,7,4QHF showed dominant regiospecificity for 3-O and 7-O positions over 4’-O

position, but only weakly preferred 3-O over 7-O position (Figure 14).

In general, the rates of glucuronidation of 3-O and 7-O by UGT1A8 usually reduced by
the addition of hydroxyl group at C-4’ and/or C-7 positions, while improved by the

addition of hydroxyl group at C-5 (p <0.05) (Figure 14).

UGT1A9: Similar to UGT1A8, UGT1A9 also mainly glucuronidated 3-O and 7-O
positions, though the glucuronidation of 7-O position by UGT1A9 was faster than by
UGT1A8. 3-O was more favored position than 7-O for glucuronidation. 7-O was the
most preferred position of glucuronidation in absence of 3-O glucuronidation.

Glucuronidation of 4’-O and 5-O was not favored at all by UGT1A9 (Figure 15).
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Figure 15. Regiospecific glucuronidation of flavonoids by UGT1A9.

Flavonoids (flavones and flavonols at 10 uM concentration) were incubated at 37 °C for 1 (or 0.5) hr with UGT1A9
(using optimum final protein concentration ~ 0.25, 0.5 or 1 mg/ml). The amounts of mono-glucuronide(s) formed were
measured using UPLC. The amounts of each regiospecific mono-glucuronide formed were measured using UPLC.
Rates of mono-glucuronide formation were calculated as nmol/hr/mg of protein. Each bar is the average of three
determinations, and the error bars are the standard deviations of the mean (n=3). The data of 4’-hydroxyflavone (4’HF),
5-hydroxyflavone (5HF) and 7-hydroxyflavone (7HF) has been re-plotted for comparison from Tang et al. (2010) **.

The regiospecific data of other flavonoids has been re-plotted from Figures 11 and 12.
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In case of di-hydroxyflavones, UGT1A9 showed dominant regiospecific preference for
glucuronidation of 3-O, 7-O and 4’-O position in 3,4’DHF, 5,7DHF and 5,4’DHF
respectively (Figure 15). UGT1A9 showed preferred regiospecificity for glucuronidating

3-O and 7-O position in 3,7DHF and 7,4’DHF, respectively (Figure 15).

In case of tri- and tetra- hydroxyflavones, in absence of hydroxyl group at C-3 position
(i.e. 5,7,4’THF), 7-O was dominantly preferred position of glucuronidation by UGT1A9,
similar to UGT1A1 and 1A8 (Figure 15). However, in presence of hydroxyl group at C-3,
regiospecificity of UGT1A9 was different from UGT1Al and 1A8. UGT1A9 showed
preferred regiospecificity for glucuronidating 3-O position in 3,7,4’THF and
3,5,7,4’QHF, whereas, showed weak regiospecificity for glucuronidating 3-O position in

3,5,7THF (Figure 15).

In general, in di-hydroxyflavones, the rates of glucuronidation of 3-O by UGT1A9
usually was reduced by the addition of hydroxyl group at C-4’ position, while improved
by the addition of hydroxyl group at C-7 (p<0.05) (Figure 15). In di-hydroxyflavones, the
rates of glucuronidation of 7-O by UGT1A9 was reduced by the addition of hydroxyl
group at C-4’ position, while improved by the addition of hydroxyl group at C-5 (p<0.05)
(Figure 15). In tri- and tetra-hydroxyflavones, the rates of glucuronidation of 3-O and 7-
O by UGT1A9 was reduced by the addition of hydroxyl group at C-4’ position, while did

not change significantly by the addition of hydroxyl group at C-5 (p<0.05) (Figure 15).
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5.4.6. Effect of concentration on the regiospecificity of UGT 1A1, 1A8 and 1A9

We also studied the effect of substrate concentration (2.5, 10 and 35uM) of the
regiospecificity of the three isoforms, UGT1A1, 1A8 and 1A9. Figure 18 represented the
data of a di-hydroxyflavone (3,7DHF) and a tetra-hydroxyflavone (3,5,7,4’QHF) as
examples. We found that the ratio of rates of glucuronidation of 3-O and 7-O positions in
3,7DHF and 3,5,7,4’QHF by UGT1Al, 1A8 and 1A9 significantly changed with the

concentration (p<0.05) (Figure 16A-16B).

UGT1A1 weakly preferred the glucuronidation of 7-O position at 2.5 and 10uM, but
showed no regiospecificity at 35uM substrate concentration (Figure 16A). UGT1A8
showed preferred regiospecificity at 2.5 and 35uM for 3-O position, while weak
regiospecificity for 3-O position at 10uM substrate concentration (Figure 16A). UGT1A9
showed preferred regiospecificity at 2.5uM for 3-O position, whereas no regiospecificity

at 10 and 35uM substrate concentration (Figure 16A).

In case of 3,5,7,4’QHF, preferred position of glucuronidation by UGT1AS8 and 1A9
changed with concentration (Figure 16B). UGT1AL1 showed no regiospecific preference
for either 3-O or 7-O at any tested substrate concentrations (Figure 16B). UGT1A8 only
showed weak regiospecificity at all the three concentrations; however 7-O was the
preferred position of glucuronidation at 2.5 and 35 pM, while 3-O was the preferred

position at 10uM substrate concentration (Figure 16B).
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Figure 16. Concentration-dependent regiospecific glucuronidation of 3,7DHF (A)

and 3,5,7,4°QHF (B) by UGT 1A1, 1A8 and 1A9.

3,7DHF and 3,5,7,4’QHF (at 2.5, 10 and 35 pM concentration) were incubated at 37 °C
for 1 (or 0.5) hr with UGT1A1, 1A8 or 1A9 (using optimum final protein concentration ~
0.25, 0.5 or 1 mg/ml). The amounts of mono-glucuronide(s) formed were measured using
UPLC. The amounts of each regiospecific mono-glucuronide formed were measured
using UPLC. Rates of mono-glucuronide formation were calculated as nmol/hr/mg of
protein. Each bar is the average of three determinations, and the error bars are the

standard deviations of the mean (n=3).
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UGT1A9 showed preferred regiospecificity for glucuronidation of 7-O position at
2.5uM, while weak regiospecificity for glucuronidation of 3-O position at 10uM
substrate concentration. UGT1A9 did not show any regiospecificity for glucuronidation

of either 3-O or 7-O position at 35uM substrate concentration (Figure 16B).

5.4.7. Substrate-selectivity of flavonoids glucuronidation by UGTs

For Flavonols: There was no significant difference between overall glucuronidation rates
of 3HF by UGT 1A1, 1A8 and 1A9 (p<0.05), suggesting that the basic flavonol structure
was the equally favorable structure for these isoforms (Figure 11). However, addition of a
hydroxyl group at C-4’ in the structure of 3HF i.e. 3,4’DHF, reduced the rates of overall
glucuronidation by most isoforms, suggesting that for most isoforms, presence of
hydroxyl group at C-4’ position was not a favorable feature for glucuronidation of

compounds (p<0.05) (Figure 11).

Again, addition of a hydroxyl group at C-7 in the structure of 3HF i.e. 3,7DHF reduced
the rates of overall glucuronidation by most isoforms, except UGT1A9, which showed
higher rates of overall glucuronidation for 3,7DHF than for 3HF (p<0.05) (Figure 17).
This suggested that presence of hydroxyl group at C-7 position was favored by UGT1A9

but not by any other isoform in glucuronidating the compound.
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Figure 17. Substrate-selectivity of UGTs for flavonols.

Flavonols (at 10 uM concentration) were incubated at 37 °C for 1 (or 0.5) hr with UGT
1A1, 1A3, 1A7, 1A8, 1A9, 1A10 or 2B7 (using optimum final protein concentration ~
0.25, 0.5 or 1 mg/ml). The amounts of total glucuronides formed for every flavonols were
measured using UPLC. Rates of glucuronide(s) formation were calculated as nmol/hr/mg
of protein. This data has been re-plotted here from Figures 6a-6f (Chapter 4).
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Addition of another hydroxyl group in the structure of 3,4’DHF at C-7 or 3,7DHF at C-4’
i.e. 3,7,4’THF further made the compound a poorer substrate for glucuronidation by all
isoforms (p<0.05), however UGT1A1 and UGTI1A9 still glucuronidated 3,7,4’THF
decently (Figure 17). This indicated that UGT 1Al and 1A9 were more inclusive for

variety of flavonol structures as compared to other isoforms.

3,5,7THF was a faster glucuronidating compound as compared to 3,4’DHF, 3,7DHF and
3,7,4’ THF for most isoforms and even faster than 3HF for UGT1A9 (p<0.05), suggesting
that addition of a hydroxyl group at C-5 position in structure of 3,7DHF improved the
glucuronidation of compound (Figure 17). Addition of a hydroxyl group at C-5 position
in 3,7,4’THF i.e. 3,5,7,4’QHF again made the resulting compound a better substrate for
most UGT isoforms, whereas addition of hydroxyl group at C-4’ position in 3,5,7THF i.c.

3,5,7,4’QHF reduced the glucuronidation (p<0.05) (Figure 17).

In general, addition of a hydroxyl group at C-5 position in and 3,7DHF and 3,7,4’THF,
1.e. 3,5,7THF and 3,5,7,4’QHF, respectively, improved the glucuronidation of compound
by most UGT isoforms, strongly suggesting that addition of hydroxyl group at C-5
position in compounds already with a hydroxyl group at C-4’ and/or C-7 position would

always favor the glucuronidation of compound.
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Figure 18. Substrate-selectivity of UGTs for flavones.

Flavones (at 10 uM concentration) were incubated at 37 °C for 1 (or 0.5) hr with UGT
1A1, 1A3, 1A6, 1A7, 1A8, 1A9 or 1A10 (using optimum final protein concentration ~
0.25, 0.5 or 1 mg/ml). The amounts of total glucuronides formed for every flavone were
measured using UPLC. Rates of glucuronide(s) formation were calculated as nmol/hr/mg
of protein. This data has been re-plotted here from Figures 5b and 7a-7f (Chapter 4). The
data of 4’-hydroxyflavone (4’HF), 5-hydroxyflavone (5HF) and 7-hydroxyflavone (7HF)

has been re-plotted for comparison from Tang et al. (2010) **.
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On the other hand, addition of a hydroxyl group at C-4’ position in 3HF, 3,7DHF or
3,5,7THF resulting in 3,4’DHF, 3,7,4’THF or 3,5,7,4’QHF, respectively, always reduced
the glucuronidation of the resulting compound as compared to the parent analog, again
suggesting that addition of hydroxyl group at C-4’ position was not favored by UGTs in

general.

For Flavones: 5,7DHF was the fastest glucuronidating compound, whereas 5SHF was the
slowest glucuronidating compounds in the series (p<0.05) (Figure 18). Addition of a
hydroxyl group at C-5 in the structure of 4’HF i.e. 5,4’DHF, made the resulting
compound a better substrate for most isoform (p<0.05), as 4’HF was glucuronidated only
by UGT 1Al and 1A10 (Figure 18). Similarly, addition of a hydroxyl group at C-4’ in the
structure of SHF i.e. 5,4’DHF, also improved the glucuronidation by all metabolizing

isoforms, except UGT2B7 (p<0.05) (Figure 18).

In case of 7HF, addition of a hydroxyl group at C-4’ position i.e. 7,4’DHF, made the
resulting compound a poorer substrate for all isoforms (Figure 18) whereas addition of a
hydroxyl group at C-5 position i.e. 5,7DHF improved the glucuronidation by all isoforms,
except 1A3 (p<0.05). In case of 5HF, addition of a hydroxyl group at C-4’ i.e. 5,4’DHF
or C-7 i.e. 57DHF, improved glucuronidation by all isoforms (p<0.05). However,
increase was much higher in the latter case except for 1Al, which glucuronidated

5,4’DHF faster than 5,7DHF (p<0.05) (Figure 18).
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For 7,4’DHF, addition of a hydroxyl group at C-5 position i.e. 5,7,4’THF improved the
glucuronidation by UGT 1A6, 1A7, 1A8 and 1A9, whereas reduced the glucuronidation
by UGT 1Al and 1A10 (p<0.05) . On the other hand, for 5,7DHF, addition of a hydroxyl
group at C-4’ position i.e. 5,7,4’THF reduced the glucuronidation by all UGT isoforms

(p<0.05), though the magnitude of reduction varies for various isoforms (Figure 18).

The above results showed that similar to flavonols, the addition of hydroxyl group at C-4’
in the structure of 7HF ie. 74’DHF and 5,7DHF i.e. 5,7,4’THF, reduced the
glucuronidation by UGT isoforms. Also, similar to flavonols, in general the addition of
hydroxyl group at C-5 in the structure of 7HF i.e. 5,7DHF and 7,4’DHF i.e. 5,7,4’THF,

improved the glucuronidation by UGT isoforms.

5.4.8. Substrate-selectivity of UGT1AL, 1A8 and 1A9 for flavonoids glucuronidation

We also studied in detail the effect of the number and position of hydroxyl groups on the

substrate-selectivity of UGT1AL, 1A8 and 1A9 in the glucuronidating the flavonoids.

UGT1A1: Addition of a hydroxyl group in the structure of all mono-hydroxyflavone
(except 5HF) at any position reduced the rates of glucuronidation of the resulting di-
hydroxyflavones as compared to mono-hydroxyflavones (p<0.05). In case of 5HF,
addition of a hydroxyl group at any position improved the rates of glucuronidation of the

resulting di-hydroxyflavones (p<0.05) (Figure 13).
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Addition of another hydroxyl group in the structure of 3,4’DHF and 5,4’DHF at C-7
position or 3,7DHF and 7,4’DHF at C-5 position further reduced the rates of
glucuronidation of the resulting tri-hydroxyflavones (p<0.05) as compared to mono- and
di- hydroxyflavones (Figure 13). However, addition of another hydroxyl group in the
structure of 3,7DHF and 5,7DHF at C-4’ position did not significantly affect the rates of
glucuronidation of the resulting tri-hydroxyflavone as compared to di- hydroxyflavones
(p<0.05) (Figure 13). Addition to another hydroxyl group in any of the tri-
hydroxyflavones at any position, significantly reduced the rates of glucuronidation of the
resulting compound (i.e. 3,5,7,4°’QHF) as compared to tri-hydroxyflavones (p<0.05)
(Figure 13). In summary, the rates of glucuronidation by UGT1A1 generally reduced as

the number of hydroxyl groups in the structure increased.

UGT1A8: Addition of a hydroxyl group in the structure of 3HF at any position reduced
the rates of glucuronidation of the resulting di-hydroxyflavones (i.e. 3,4’DHF and
3,7DHF) as compared to 3HF (p<0.05) (Figure 14). In case of 4’HF and 5HF, addition of
a hydroxyl group at any position improved the rates of glucuronidation of the resulting
di-hydroxyflavones (p<0.05) (Figure 14). In case of 7HF, addition of a hydroxyl group at
C-5 position improved, whereas, at C-4’ or C-3 position reduced the rates of

glucuronidation of the resulting di-hydroxyflavones (p<0.05) (Figure 14).
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Addition of another hydroxyl group in the structure of 3,4’DHF at C-7 position or
3,7DHF and 5,7DHF at C-4’ position drastically reduced the rates of glucuronidation of
the resulting tri-hydroxyflavones (p<0.05) as compared to mono- and di-
hydroxyflavones (Figure 14). However, addition of another hydroxyl group in the
structure of 3,7DHF and 7,4’DHF at C-5 position significantly improved the rates of
glucuronidation of the resulting tri-hydroxyflavones as compared to di- hydroxyflavones
(p<0.05) (Figure 14). Addition of another hydroxyl group in the structure of 5,4’DHF at
C-7 position did not change the rate of glucuronidation of resulting compound

(5,7,4"THF) as compared to 5,4’DHF (p<0.05) (Figure 14).

Addition of another hydroxyl group in any of the tri-hydroxyflavones, significantly
improved the rates of glucuronidation of the resulting compound (i.e. 3,5,7,4’QHF) as
compared to all mono-, di-, and tri-hydroxyflavones except 3HF and 5,7DHF (p<0.05).
3HF was glucuronidated much faster than 3,5,7,4’QHF, whereas, 5,7DHF showed similar

rates of glucuronidation as 3,5,7,4’QHF by UGT1AS (p<0.05) (Figure 14).

In summary, the rates of glucuronidation of di- and tri-hydroxyflavones by UGT1A8
always reduced as one or more hydroxyl group(s) are added in the structure of mono-
hydroxyflavones at C-4’ and/or C-7 position, except for the addition of hydroxyl group at
C-7 position in 4’HF and C-4’ position in 5HF. On the other hand, the rates of
glucuronidation of di- and tri-hydroxyflavones by UGT1A8 always improved as hydroxyl

group is added in the structure of mono-hydroxyflavones at C-5 position, except for the
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addition of hydroxyl group at C-5 position in 3HF (data published)™. Addition of fourth
hydroxyl group in any of the tri-hydroxyflavones always improved the rates of

glucuronidation tetra-hydroxyflavone as compared to tri-hydroxyflavone.

UGT1A9: Addition of a hydroxyl group in the structure of 3HF at C-4’ position reduced,
whereas, at C-7 position improved the rates of glucuronidation of the resulting di-
hydroxyflavones as compared to 3HF (p<0.05) (Figure 15). In case of 4’HF and SHF,
addition of a hydroxyl group at any position improved the rates of glucuronidation of the
resulting di-hydroxyflavones (p<0.05) (Figure 15). In case of 7HF, addition of a hydroxyl
group at C-5 or C-3 position improved, whereas, at C-4’ position reduced the rates of

glucuronidation of the resulting di-hydroxyflavones (p<0.05) (Figure 15).

Addition of another hydroxyl group in the structure of 3,4’DHF and 5,4’DHF at C-7
position or 3,7DHF at C-4’ position or 7,4’DHF at C-5 position significantly improved
the rates of glucuronidation of the resulting tri-hydroxyflavones (p<0.05) as compared to
di-hydroxyflavones (Figure 15). However, addition of another hydroxyl group in the
structure of 5,7DHF at C-4’ position significantly reduced the rates of glucuronidation of

5,7,4’THF as compared to 5,7DHF (p<0.05) (Figure 15).

Addition of another hydroxyl group in any tri-hydroxyflavone at any position
significantly improved the rates of glucuronidation of the resulting compound (i.e.

3,5,7,4’QHF) as compared to all mono-, di-, and tri-hydroxyflavones except for addition
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of hydroxyl group at C-4’ position in 3,5, 7THF, which showed faster rates of

glucuronidation than 3,5,7,4’QHF by UGT1A9 (p<0.05) (Figure 15).

In summary, the rates of glucuronidation of di- and tri-hydroxyflavones by UGT1A9
always improved as one or more hydroxyl group(s) is added in the structure of mono-
hydroxyflavones at C-7 and/or C-5 position, except for the addition of hydroxyl group at
C-5 position in 3HF (data published)™’. On the other hand, the rates of glucuronidation
of di-, tri- and tetra- hydroxyflavones by UGT1A9 always reduced as hydroxyl group is
added in the structure of mono-hydroxyflavones at C-4’ position, except for the addition
of hydroxyl group at C-4’ position in SHF. The rates of glucuronidation of 3,5,7,4’QHF

was faster than 3,7,4’THF and 5,7,4’THF by UGT1A9.
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5.6. Discussion

We concluded that regiospecificity and substrate-selectivity was isoform-dependent. For
isoform-specific regiospecificity, we concluded that UGT1A1 usually showed no
preference, whereas UGT1A8 and UGT1A9 showed preference (3-O position was
glucuronidated faster than other positions) (Figure 13-14). For isoform-specific substrate-
selectivity, we concluded that the susceptibility of flavonoids to be glucuronidated by
UGT1A1 decreased with increasing number of hydroxyl groups, with few exceptions, for
e.g. 3,5,7THF glucuronidated faster than 5,7DHF (Figures 17-18). On the other hand, the
susceptibility of flavonoids to be glucuronidated by UGT1A8 and UGT1A9 increased
with addition of hydroxyl group at 3-O, 5-O and/or 7-O position, except for 3,7,4’THF,

while decreased with addition at 4°-O position (Figures 17-18).

This is the first time that a study has demonstrated a UGT isoform-specific
regiospecificity in glucuronidation of flavonoids. At 10uM substrate concentration,
different UGT isoforms gave different regiospecific glucuronidation patterns (Figures 11-
12). Most isoforms preferred glucuronidation of 3-O position followed by 7-O position
over 4’-O position and 5-O position was hardly glucuronidated (Figures 11-12). UGT1A3
showed dominant regiospecificity for glucuronidation at 7-O position, whereas UGT1A7
showed dominant regiospecificity for glucuronidation at 3-O position (Figures 11-12).
UGT1A1 generally showed no regiospecificity for any position (Figure 13). Among all

hydroxyl group positions, UGT1A8 and UGT1A9 dominantly glucuronidated 3-O and 7-

134



O positions over glucuronidation of 4’-O and 5-O. Between 3-O and 7-O position,
UGT1A8 and UGT1A9 showed either dominant, preferred or weak regiospecificity
depending on the compound structure (Figures 14-15). Similar to UGT1A1, UGT1AG6,

1A10 and 2B7 showed no regiospecificity for any position (Figures 11-12).

Our findings on regiospecificity are also supported by many published reports.® 1 174

> The hydroxyl group on C-5 position did not seem to be a site for glucuronidation.®
Chen et al. (2005) showed that the catalytic efficiency order for regiospecific
glucuronidation of quercetin (3,5,7,3’,4’-pentahydroxyflavone) by UGT1A9 was 3- > 7-
> 3'- > 4-O-glucuronide.'™ Otake et al. (2002) published a report on regiospecific
glucuronidation of 3,5,7THF (galangin) by UGT1Al and 1A9 also matched with our
data.®® However, the published data on quercetin regiospecific glucuronidation by
UGT1AL1 did not match with our findings. The major glucuronides of quercetin formed in
that study was 3’-O-G.*" Since none of the compound used in the study had hydroxyl

group at C-3’, we cannot comment on this difference in result.

We also showed that the rate of formation of main regiospecific glucuronide(s) (3-O-G
and 7-O-G) by UGT1A1, 1A8 and 1A9 is affected by the addition of hydroxyl group(s) at
different positions in the structure of flavones and flavonols. Increase in the number of
hydroxyl group(s) in the structure of mono-hydroxyflavones (3HF, 7HF and 4’HF)
always slowed down the rates of glucuronidation at 3-O or 7-O positions by UGT1ALl as

compared to the rates of glucuronidation of mono-hydroxyflavones (Figure 13). The rates
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of glucuronidation of 3-O and 7-O by UGT1A8 was generally reduced by the addition of
hydroxyl group at C-4’ and/or C-7 positions, but was improved by the addition of
hydroxyl group at C-5 position (Figure 14). The rates of glucuronidation of 3-O and 7-O
by UGT1A9 was reduced by the addition of hydroxyl group at C-4’ position in flavones
and flavonols. However, the addition of hydroxyl group at C-5 and/or C-7 position might
or might not significantly change the rates of glucuronidation at 3-O or 7-O by UGT1A9

(Figure 15).

We additionally showed that the regiospecificity of glucuronidation by UGT isoforms
was also dependent on the concentration of substrate (Figure 16). For examples,
UGT1AS8 showed preferred regiospecificity for 3-O position in 3,7DHF at 2.5 and 35uM,
where as weak regiospecificity for 3-O position at 10uM substrate concentration (Figure
16A). In 3,5,7,4’QHF, UGT1A9 regiospecificity changed from preferred regiospecificity
for 7-O position at 2.5 uM, to weak regiospecificity for 3-O position at 10 uM, to no

regiospecificity for any position at 35uM substrate concentration (Figure 16B).

The above results suggests that the formation of major regiospecific glucuronide(s) in
vivo will be determined based on the exposure of substrate concentration and the UGT
isoform expression level of an organ/tissue. For example, UGT1A9 is exclusively
expressed in liver and kidney; UGT1A3 in liver; UGT1A7 in stomach; UGT1AL in liver
and intestine; whereas UGT1A8 and 1A10 is exclusively expressed in intestine. Also,

during oral administration intestine is exposed to highest concentration of flavonoid (10-
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50 UM based on solubility), whereas liver is exposed to a much lower concentration of
flavonoid (< 2.5uM). This indicates that the regiospecific glucuronides of a particular

flavonoid might be formed in different ratio in human liver and intestine.

Also, the dominant and preferred regiospecificity of glucuronidation shown by different
UGT isoforms can be useful in predicting the major glucuronide(s) formed in human, but
not useful if UGT isoforms showed weak or no regiospecific preference. For example,
after oral intake of kaempferol (3,5,7,4’QHF) in human, 3-O-glucuronide of kaempferol
was found to be the predominant form in plasma,'®® which matched with prediction based
on the regiospecific glucuronidation of 3,5,7,4’QHF in our study. However, it should be
noted that if the main UGT isoforms responsible for the glucuronidation of flavonoids in
an organ/tissue, showed opposite preference for a particular regiospecificity, then it might

again be difficult to predict the in vivo metabolic outcome.

In support of the conclusion for isoform-specific substrate-selectivity, we showed that
substrate-selectivity was dependent on the UGT isoforms and the number and position of
hydroxyl groups (Figures 17-18). UGT1Al activities towards flavonoids usually
decreased with increasing number of hydroxyl groups with few exceptions, for e.g.
3,5,7THF glucuronidated faster than 5,7DHF (Figures 17-18). On the other hand,
UGT1A8 and UGT1AQ9 activities increased with addition of hydroxyl group at 3-O, 5-O
or 7-O positions except for 3,7,4’THF, which was a poor substrate of UGT1AS.

However, similar to UGT1A1, UGT1A8 and UGT1A9 activities decreased with addition
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of hydroxyl group at 4’-O position. The only exception was the addition of hydroxyl
group to 5HF at C-4’, which improved the glucuronidation of resulting di-

hydroxyflavone, 5,4’DHF (Figures 17-18).

We also showed that adding multiple hydroxyl groups in the flavonol structure reduced
glucuronidation rates whereas adding the same groups in the flavone structure improved
the glucuronidation rates by most UGT isoforms (Figure 17-18). Substrate selectivity
data of UGT isoforms also suggested that as compared to 3HF, which can be highly
glucuronidated by the liver as well as intestine, flavonols with multi-hydroxyl groups will
be glucuronidated more effectively in liver than in intestine (Figure 17). However,
depending on the substrate structure, both hepatic (UGT1A1, 1A3 and 1A9) and extra-
hepatic (UGT1A1, UGT1A8 and 1A10) UGT isoforms can equally contribute to the

metabolism of mono and multi-hydroxyflavones (Figure 18).

In conclusion, regiospecificity and substrate-selectivity was isoform-dependent. UGT1A8
and UGT1A9 preferred glucuronidation at 3-O position followed by 7-O, whereas
UGT1Al showed no preference to glucuronidate any specific position. UGT1Al
activities towards flavonoids usually decreased with increasing number of hydroxyl
groups. On the other hand, UGT1A8 and UGT1A9 activities increased with addition of
hydroxyl group at 3-O, 5-O and/or 7-O positions, while decreased with addition of

hydroxyl group at 4°-O position.
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ISOFORM-SPECIFIC PHARMACOPHORE-BASED SMR MODELS FOR

PREDICTING GLUCURONIDATION OF FLAVONOIDS BY UGT1A9
6.1. Abstract

The objective of the study was to develop isoform-specific pharmacophore-based 3-D
structure-metabolism relationship (SMR) prediction models for the glucuronidation of
flavonoids by UGT1A8 and UGT1A9 with the predictive ability of more than 75%.
Another objective was to develop 2-D/3-D quantitative SMR prediction model for the
glucuronidation of flavonoids by UGT1A8 and UGT1A9. We used “Hypogen” module
for the generation of pharmacophores and Partial Least Square (PLS) regression for the
generation of 2-D/3-D QSAR maodels in the Discovery Studio software of Accelrys’. We
developed four three-featured and one four-featured pharmacophores models using 5
different randomized group divided into training and test set. There were four three-
featured pharmacophores with one hydrogen bond acceptor (HBA), one hydrogen bond
donor (HBD), and one aromatic ring or hydrophobic center. Only one four-featured
pharmacophore was developed with two HBA, one HBD and one hydrophobic center. All
pharmacophores could correctly predict at least 60% of the training and test compounds
as lowly (with Cliy; < 3 x 10° ml per min per mg of protein or highly metabolizing (with
Clix = 3 x 10°) compounds, and one three-featured pharmacophore showed >75%
predictive ability. But there was no correlation found between the Cl;y; values estimated

by pharmacophores and experimentally derived Cl;y; values. We could also develop four
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semi-quantitative pharmacophores based 3-D SMR prediction models for UGT1A8
which could rightly predict > 60% training as low (with Cliy; < 1 x 10°> ml per min per mg
of protein) or high metabolizing (with Clin> 1 x 10°) compounds. But none of the models
could correctly predict at least 60% the test compounds. Also, no 2-D and/or 3-D QSMR
models with r? > 0.6 (correlation of estimated vs experimental Cliy; values) and average
squared error < 50 could be successfully developed for UGT1A8 and UGT1AQ9. In
conclusion, semi-quantitative pharmacophore-based 3-D SMR prediction models could

be developed for UGT1A9 with the predictive ability of more than 75%.
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6.2. Introduction

Flavonoids are polyphenolic compounds of plant origin that have shown beneficial
effects against a variety of disease conditions such as prostate and breast cancer, aging-
related and hormone-dependent disorders as well as cardiovascular diseases.” 17¢17®
Despite reports of various biological activities in vitro, in vivo studies in animals and
humans, flavonoids have poor bioavailabilities (generally in the range of less than 5%)
that are highly variable." ®® 3 % Flavonoids found in the plasma are present as
conjugates (metabolites) with in vivo aglycone (drug molecule) plasma concentrations of
0.01 to 0.4 uM.* *® These in vivo concentrations are significantly less than the I1Cs or
ECso values (5 to 50 uM) commonly reported for its anticancer effects in vitro.: ® #
Hence, use of flavonoids as an anticancer agent is limited by their poor bioavailability,

which is mainly due to their high intestinal glucuronidation by UGTs.>*!

In order to exploit the beneficial effects, flavonoids with low UGT metabolism need to be
screened from naturally occurring flavonoids and/or their synthetic analogues and
developed into chemopreventive agents. To screen for the better compounds in terms of
desired metabolic outcome (higher bioavailability or higher metabolism of aglycone) and
lower drug-drug interactions, UGT “fingerprinting” can be used. But, it is difficult to
experimentally test every naturally available (~4000 compounds) and synthetically

designed flavonoid using the whole range of UGT isoforms. 16 human UGT isoforms
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have been reported and but only 12 are available so far. Therefore, there is a need to use
more economic and time saving screening tools, such as quantitative structure-
metabolism relationship (QSMR) prediction models. However, based on direct analysis
of the experimental data from UGT isoforms or human liver or intestinal microsomes, it
is somewhat difficult to develop good QSMR models, so better computational (in silico)

tools are required to develop QSMR models with good predictive ability.*3% 14

Homology and pharmacophore modeling and two-/ three- dimensional quantitative
structure activity relationships (2-D/ 3-D QSAR) are few of the in silico approaches that
can be used to establish QSMR.%* Until now, it’s been impossible to use homology
model for predicting glucuronidation because of the poorly understood structure-function
relationship of UGT and lack of availability of a 3-D X-ray crystal structure of an
enzyme homologous to human UGT.*? 8 17 | sjlico modeling for glucuronidation
therefore has mainly focused on pharmacophore-based 3-D QSAR and descriptors based
2-D/3-D QSAR modeling to develop a QSMR. A pharmacophore is a defined 3-D
geometrical arrangement of those interactive functional groups in the structure of a
molecule, which is recognized at the receptor (i.e. enzyme interaction) site and is
responsible for the biological activity (i.e. glucuronidation) of that molecule.
Pharmacophore modeling uses pharmacophore(s) of substrate and non-substrates of the
target protein to develop a QSMR, whereas 2-D and 3-D QSMR uses 2-D and 3-D

descriptors of the ligand molecules.***" **" Various statistical tools such as partial least
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square (PLS), genetic function approximation (GFA), multiple regression analysis, neural

network can be utilized to generate the 2-D and 3-D QSMR models.

Sorich et al. (2002) presented the first generalized 2-D and 3-D QSMR and
pharmacophore models developed for UGT.% Different methodologies were used to
develop models which predicted the substrate selectivity and binding affinity toward
UGT1AL. The substrate affinity (as reflected by low apparent inhibitor constant (Kiapp)
was in the order: quercetin ~ naringenin >> 3-HF; this was consistent with the substrate
selectivity study on UGT1A1 mentioned above.’> Another study on UGT1A9 indicated
that the substrate affinity is in the order: quercetin ~ 3-HF >> naringenin™*, which is

different from that observed for UGT1AL.

However, it is important to note that these models are for predicting substrate selectivity
and binding affinity, rather than the glucuronidation efficiencies. It is very much possible
that a bulky flavonoid substrate might fit in the active site, but might not be
glucuronidated, or only weakly glucuronidated. A QSMR study for UGTs 1A6 and 1A9
on simple phenols was done to study the effects of 4-substutients (i.e., para position) on
phenol glucuronidation. The authors found that in UGTs 1A6 and 1A9, Vmax decreased as
substrates’ molecular volume increased, which means that bulky flavonoids might act as
UGTs inhibitors instead of substrates.'> These models have shown reasonably good

predictive ability (in range of 60-80%). But, so far no UGT QSMR model has been
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developed which focuses on predicting the level of metabolism of substrates, which is of

great interest to us in the case of flavonoids.

Kn and Cjiy; are two important Kinetic parameters that can be used to explain the
relationship between enzyme activity and substrate structure. An enzymatic reaction that
converts a substrate into the product can be explained by a two step reaction, first the
binding of substrate to the enzyme and second the conversion of substrate to the product.
Since it’s a two step process, the overall outcome depends upon the rates of both steps.
Km is an intrinsic property of an enzyme related to the binding constant for forming the
ES complex and can be defined as K, = (ko+ Kk3)/ki, which means that K, reflects both
binding of enzyme to substrate and also the catalytic constant of the enzyme catalyzed
reaction or turnover constant (ks or Kear). The maximum velocity of the enzyme catalyzed

reaction (Vmax) is also dependent on the catalytic constant: Vmax = Keat [E].

On the other hand, Ciiy is the ratio Vma/Km, which measures the efficiency of an enzyme
and is independent of physiological factors such as the liver blood flow or drug binding
in the blood. When the drug concentration is much smaller than K, Cliy; becomes V/C;,
where Cs is the concentration of the unbound drug at the enzyme site. So, using a low
concentration such as 2.5 uM, an approximate Cl;; can be obtained using lesser time and
resources than obtaining K, and Vax values. Also, since Ky, is a parameter for individual
enzyme, it is usually different among different species and cannot be used for inter-

species scaling, while Cliy; can be related to tissue or organ level metabolism and if
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required can be used for inter-species scaling. The values of Cli,; predicted by QSMR
models can be compared to data obtained in sub-cellular fractions, cell lines, hepatocytes
and in situ and in vivo experimental data on metabolism. Hence in our study, approximate
Clin; values of flavonoids with specific UGT isoform will be used as metabolism activity

establishing structure-metabolism relationship.

In the current study, we aim to generate QSMR models for predicting flavonoids
glucuronidation by specific UGT isoforms, with the predictive ability of equal to or more
than 75%, i.e. it could correctly predict 3 out of 4 compounds. We used the various
modeling approaches, such as, pharmacophore-based 3-D QSAR, 2-D and 3-D QSAR
modeling using 2-D and 3-D descriptors individually and in combination using PLS
statistical technique, for developing the models and testing the proposed hypothesis.
Based on our findings in Chapter 4, we choose to use the two most important isoforms,
UGT1AS8 (isoform exclusively expressed in intestine) and UGT1A9 (isoform exclusively
expressed in liver and kidney) to develop the QSMR models. We experimentally
generated approximate intrinsic clearance (Cli) values for 48 flavonoids by UGT1A8
and UGT1A9 in our lab only in order to avoid any variation in data due to different

experimental conditions between labs.
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6.3. Materials and Methods

6.3.1. Materials

Genistein, biochanin A, formononetin, prunetin, glycitein, daidzein, phlortein, naringenin
(Figure 19) were purchased from Indofine Chemicals (Somerville, NJ). Additionally, 24
flavones and 16 flavonols (Figure 19, Table 5) were also purchased from Indofine
Chemicals (Somerville, NJ). Recombinant human UGT1A8 and UGT1A9
(Supersomes™) were purchased from BD Biosciences (Woburn, MA). Uridine
diphosphoglucuronic acid (UDPGA), alamethicin, D-saccharic-1,4-lactone monohydrate,
magnesium chloride, and Hanks’ balanced salt solution (powder form) were purchased
from Sigma-Aldrich (St Louis, MO). All other materials (typically analytical grade or

better) were used as received.

Random Allocation Software, a free tool developed by M. Saghaei, MD., Department of
Anesthesia, Isfahan University of Medical Sciences, Isfahan, Iran, was used to divide
molecules into training and test sets. Discovery Studio and Discovery Studio Visualizer
(Version 2.5) by Accelrys, Inc., San Diego, CA were used for in silico modeling.
Discovery Studio® is a modeling and simulation suite of applications that has various
modules or utilities which can be used to draw structures of compounds, develop

conformers, develop semi-quantitative and quantitative pharmacophore models.
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Figure 19. Structure of flavonoids used in in silico QSMR modeling
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Table 5 Details of hydroxyl and methoxyl substitutions in the structure of flavones

and flavonols used in the study

Compounds (Abbreviation)

Substitutions at various position in the structure

RiL| RR | R3| R4 | R5 | R6

Flavones
2'-Hydroxyflavone (2'HF) -H -H -H -OH -H -H
3'-Hydroxyflavone (3'HF) -H -H -H -H -OH -H
4'-Hydroxyflavone (4'HF) -H -H -H -H -H -OH
5-Hydroxyflavone (5HF) -OH | -H -H -H -H -H
6-Hydroxyflavone (6HF) -H | -OH -H -H -H -H
7-Hydroxyflavone (7HF) -H -H -OH -H -H -H
4'-Hydroxy-5-methoxyflavone - i i i i i
(4'H5MF) OMe H H H H OH
4'-Hydroxy-6-methoxyflavone i i i i i i
(4'H5MF) H OMe H H H OH
4'-Hydroxy-7-methoxyflavone i i i i i i
(@HTMF) H H OMe H H OH
5-Hydroxy-7-methoxyflavone ) ) i ) ) i
(5H7MF) OH H OMe H H H
6-Hydroxy-4'-methoxyflavone i i i i i i
(6HAMF) H | -OH H H H OMe
6-Hydroxy-7-methoxyflavone i i i i i i
(6H7MF) H OH | -OMe H H H
7-Hydroxy-4'-methoxyflavone i i i i i i
(7THA'MF) H H OH H H OMe
5,4'-Dihydroxyflavone (5,4'DHF) | -OH -H -H -H -H -OH
5,6-Dihydroxyflavone (5,6DHF) -OH | -OH -H -H -H -H
5,7-Dihydroxyflavone (5,7DHF) -OH -H -OH -H -H -H
6,4'-Dihydroxyflavone (6,4'DHF) -H -OH -H -H -H -OH
6,7-Dihydroxyflavone (6,7DHF) -H -OH | -OH -H -H -H
7,4'-Dihydroxyflavone (7,4'DHF) | -H -H | -OH | -H -H -OH
5,4'-Dihydroxy-7-methoxyflavone | i i i i i
(5,4DH7MF) OH H OMe H H OH
5,6-Dihydroxy-7-methoxyflavone | i i i i i
(5,6DH7MF) OH OH OMe H H H
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Compounds (Abbreviation)

Substitutions at various position in the structure

R1 R2 R3 R4 R5 R6
Apigenin (5,7,4THF) -OH -H -OH -H -H -OH
Baicalein (5,6,7THF) -OH | -OH | -OH -H -H -H
Leutolin (5,7,3'4'QHF) -OH| -H | -OH | -H -OH -OH

Flavonols

3-Hydroxyflavone (3HF) -H -H -H -H -H -H
3,4'-Dihydroxyflavone (3,4'DHF) -H -H -H -H -H -OH
3,5-Dihydroxyflavone (3,5DHF) -OH -H -H -H -H -H
3,6-Dihydroxyflavone (3,6DHF) -H -OH -H -H -H -H
3,7-Dihydroxyflavone (3,7DHF) -H -H -OH -H -H -H
3-Hydroxy-4'-methoxyflavone i i i i i i
(3HA'MF) H H H H H OMe
3-Hydroxy-5-methoxyflavone - i i i i i
(3H5MF) ome| H | H H H H
3-Hydroxy-6-methoxyflavone i i i i i i
(3HOMF) H | -OMe | -H H H H
3-Hydroxy-7-methoxyflavone ) ) i ) ) i
(3H7MF) H H OMe H H H
5,7-Dimethody-3-hydroxyflavone - i i i i i
(5,7DM3HF) ome| H [OMe| -H H H
7,4'-Dimethody-3-hydroxyflavone | i ) i i )
(7. ADM3HF) H H OMe H H OMe
3,7,4'-Trihydroxyflavone
(3,7,4THF) -H -H -OH -H -H -OH
3,5,7-Trihydroxyflavone
(3,5.7THF) -OH -H -OH -H -H -H
3,6,4'-Trihydroxyflavone i i i i i i
(3,6,4THF) H OH H H H OH
Kaempferol (3,5,7,4'QHF) -OH -H -OH -H -H -OH
Quercetin (3,5,7,3',4'PHF) -OH -H -OH -H -OH -OH
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Additionally, Discovery studio can calculate molecular descriptors (or properties), and

develop 2-D and 3-D QSAR models using various statistical tools.

6.3.2. Solubility and stability of the tested flavonoids

Solubility and stability of the tested flavonoids were established at the experimental

conditions as per the method explained in section 3.1 (Chapter 3).

6.3.3. Determining approximate intrinsic clearance values of selected flavonoids for

UGT1A8 and UGT1A9

Glucuronidation activities of recombinant human UGT1A8 and UGT1A9: The
incubation procedures for measuring UGTs’ activities were essentially the same as
described in section 4.3.3 (Chapter 4). Substrate concentration of 2.5 uM was used to
measure the rate of glucuronidation by UGT1A8 and 1A9. UGT1A8 and 1A9 could
generate multiple mono-O-glucuronides for certain flavonoids. For calculating the
approximate Cliy;, rates of formation of all glucuronides of a compound was added

together and divided with the substrate concentration.

UPLC analysis of flavonoids and their glucuronides: We analyzed flavonoids and their
respective glucuronides by using the same system and method as described in section
4.3.4 (Chapter 4). For genistein, naringenin, phloretin, 3HF, 3,4’DHF, 3,7DHF 5,4’DHF,

5,7DHF, 7,4’DHF, 3,7,4’THF, 5,7,4’THF, 3,5,7THF, 3,5,7,4’QHF and their respective
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glucuronides measuring wavelength and internal standards and method validation were
the same as mentioned in section 4.3.4 (Chapter 4) Rest of the flavonoids and their
respective glucuronides were analyzed using the following common method: system,
Waters Acquity UPLC with photodiode array detector and Empower software; column,
BEH Cyg, 1.7 um, 2.1 x 50 mm; mobile phase A, 100% aqueous buffer (2.5mM NH,Ac,
pH 3); mobile phase B, 100% acetonitrile; gradient, 0 to 0.3 min, 10% B, 0.3 to 2.9 min,
10-50%B, 2.9 to 3.2 min, 50-90%B, 3.2 to 4.0 min, 90% B; flow rate, 0.5 ml/min; and

injection volume, 10pL.

Testosterone (254 nm) was used as internal standard for analyzing 3H4’MF (340 nm),
3H7MF (340 nm), 4°’H6MF (330 nm), 4’H7M (330 nm), SH7MF (268 nm), 6H4’MF
(330 nm), 6H7MF (263 nm), 7H4’MF (330 nm), 6,4’DHF (330 nm), 6,7DHF (263 nm),
baicalein (277 nm), quercetin (254 nm) and their respective glucuronides at the
wavelength given in bracket. Formononetin (254 nm) was used as internal standard for
analyzing 3H5MF (340 nm), 3H6MF (340 nm), 4°’HSMF (340 nm), 3,5DHF (263 nm),
3,6DHF (340 nm), 5,6DHF (282 nm), 5,7DM3HF (354 nm), 7,4’'DM3HF (354 nm),
54DH7MF (354 nm), and 5,6DH7MF (354 nm), 3,6,4’THF (354 nm), luteolin (354
nm), and their respective glucuronides at the wavelength given in bracket. Linearity was

established in the range of 0.63-10 uM (total 5 concentrations) for these compounds.

Quantification of glucuronides of flavonoids: The quantification of glucuronides of

flavonoids was done using the standard curve of the parent compound with a correction
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factor (where determined) for the difference in extinction coefficient of the compound
and its glucuronides. The correction factor of the glucuronides was measured using the
method as explained in section 3.5 and 3.6 (Chapter 3). The correction factor were not
determined for the glucuronide(s) of the following flavonoids: 3,6DHF, 5,6DHF,
6,4’DHF, 6,7DHF, 3,6,4’THF, luteolin, quercetin, baicalein, 4’"H6MF, 4°"H7MF, SH7TMF,
6H4’MF, 6H7MF, 7TH4’MF, 5,7DM3HF, 7,4’DM3HF, 5,4’DH7MF and 5,6DH7MF.
Hence, standard curve of the parent compound without any correction factor was used for

quantifying the glucuronides of these compounds.

Confirmation of flavonoids glucuronide structure by LC-MS/MS: Glucuronides of the
flavonoids were confirmed using the same method for LC-MS/MS as described in section

4.3.6 (Chapter 4).

Data analysis: Rates of metabolism in recombinant human UGT isoforms were
expressed as amounts of metabolites formed per min per mg protein or pmol/min/mg.
Intrinsic clearance values (ml per min per mg of protein) were expressed as the ratio of

the measured rate of glucuronidation to the substrate concentration (2.5 uM).
6.3.4. Dividing compounds into training and test sets

The compounds were randomly divided into training (80% of total compounds) and test
set (20% of total compounds) using Random Allocation Software to avoid any bias.

Different training and test sets were created for UGT1A8 and UGT1A..
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Table 6 Approximate Intrinsic clearance (Cliy) values presented as average (Avg) of

n=3 determination with standard deviation (SD), activity as inverse of Cl;; values

(Activ) and uncertainty of activity (Uncert) as input for in silico modeling for

UGT1A8 and UGT1AO9.

Activ for Pharmacophore Modeling Activ for 2-
Compound (Clincvalues for UGT1A8 D/3-D QSAR
(ml per min per mg of protein) Modeling
Avg SD (1/ Clinp) Uncert

Genistein 6.23E+04 7.32E+03 1.60E-05 1.13
Glycitein 2.72E+05 1.33E+04 3.67E-06 1.05
Prunetin 5.18E+04 1.81E+04 1.93E-05 1.44
2'HF 4.72E+05 1.04E+05 2.12E-06 1.25
3'HF 1.06E+05 6.28E+03 9.40E-06 1.06
3HF 2.12E+05 1.73E+03 4.72E-06 1.01
5HF 1.12E+05 1.69E+04 8.92E-06 1.16
6HF 3.48E+05 4.71E+04 2.88E-06 1.15
7HF 9.25E+04 1.28E+04 1.08E-05 1.15
3,4'DHF 6.32E+04 4.76E+03 1.58E-05 1.08
3,5DHF 5.64E+04 9.23E+02 1.77E-05 1.02
3,6DHF 5.66E+05 4.07E+04 1.77E-06 1.07
3,7DHF 6.30E+04 6.01E+03 1.59E-05 1.10
5,4'DHF 6.29E+04 1.40E+04 1.59E-05 1.25
5,6DHF 1.98E+06 9.74E+04 5.05E-07 1.05
5,7DHF 2.98E+05 1.07E+04 3.35E-06 1.04
6,4'DHF 8.30E+04 2.98E+03 1.21E-05 1.04
6,7DHF 1.81E+05 2.82E+04 5.53E-06 1.17
7,4DHF 1.50E+04 1.08E+03 6.68E-05 1.08
Luteolin 7.06E+05 4.23E+04 1.42E-06 1.06
Quercetin 2.29E+05 3.23E+04 4.37E-06 1.15
Baicalein 1.19E+06 1.33E+05 8.42E-07 1.12
Kaempferol 1.83E+05 9.51E+03 5.48E-06 1.05
Naringenin 2.99E+05 3.32E+04 3.35E-06 1.12
Apigenin 1.27E+05 1.48E+04 7.85E-06 1.12
Phlortein 3.54E+05 2.69E+04 2.83E-06 1.08
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Activ for Pharmacophore Modeling Activ for 2-
Compound (Clint values for UGT1A8 D/3-D QSAR
(ml per min per mg of protein) Modeling

Avg SD (1/ Cliny) Uncert
Galangin 2.01E+05 3.63E+03 4.98E-06 1.02
3,6,4THF 1.75E+04 2.57E+03 5.71E-05 1.16
3H4'MF 9.06E+04 5.15E+03 1.10E-05 1.06
3H5MF 5.20E+04 7.22E+03 1.92E-05 1.15
3H6MF 1.43E+05 1.53E+04 6.97E-06 1.12
3H7MF 6.28E+04 8.08E+03 1.59E-05 1.14
4'H6MF 9.35E+03 2.21E+03 1.07E-04 1.27
4'HTMF 1.38E+04 7.24E+02 7.27E-05 1.05
6HA'MF 7.24E+04 1.35E+04 1.38E-05 1.21
6H7MF 4.33E+04 4.94E+03 2.31E-05 1.12
7HA'MF 7.48E+04 9.18E+03 1.34E-05 1.13
5,7DM3HF 3.22E+04 6.06E+03 3.11E-05 1.21
7,ADM3HF 1.83E+05 1.26E+04 5.48E-06 1.07
5,6DH7MF 5.32E+05 2.08E+04 1.88E-06 1.04

Activ for Pharmacophore Modeling Activ for 2-

Cl;r values for UGT1A9 D/3-D QSAR
Compound (ml per min per mg of protein) Modeling

Avg SD (1/ Cliny) Uncert
Genistein 3.13E+05 3.92E+04
Glycitein 4.59E+05 1.47E+04 2.18E-06 1.03
Diadzein 2.94E+05 4.90E+04 3.41E-06 1.18
Biochanin A 5.94E+04 7.71E+03 1.68E-05 1.14
Prunetin 8.31E+04 3.71E+03 1.20E-05 1.05
2'HF 1.74E+05 2.45E+04 5.76E-06 1.15
3'HF 1.90E+05 5.06E+04 5.25E-06 1.31
3HF 7.31E+05 4.22E+04 1.37E-06 1.06
4'HF 9.46E+04 4.57E+03 1.06E-05 1.05
5HF 1.16E+05 2.36E+03 8.65E-06 1.02
6HF 3.86E+04 2.18E+03 2.59E-05 1.06
THF 5.21E+05 3.73E+04 1.92E-06 1.07
3,4DHF 5.44E+05 5.18E+04 1.84E-06 1.10
3,5DHF 6.10E+05 2.82E+04 1.64E-06 1.05
3,6DHF 2.21E+06 5.77E+04 4.52E-07 1.03
3,7DHF 2.69E+07 2.99E+06 3.72E-08 1.12
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Activ for Pharmacophore Modeling Activ for 2-
Clint values for UGT1A9 D/3-D QSAR
Compound (ml per min per mg of protein) Modeling
Avg SD (1/ Cliny) Uncert

5,4'DHF 2.19E+05 1.90E+04 4.57E-06 1.09
5,6DHF 2.88E+05 5.95E+04 3.47E-06 1.23
5,7DHF 1.82E+06 1.19E+05 5.50E-07 1.07
6,4'DHF 3.14E+05 1.59E+04 3.19E-06 1.05
6,7DHF 3.80E+05 7.25E+04 2.63E-06 1.21
7,4DHF 1.29E+05 3.07E+03 7.76E-06 1.02
Luteolin 1.30E+06 1.87E+04 7.67E-07 1.01
Quercetin 1.49E+06 2.82E+04 6.72E-07 1.02
Baicalein 1.99E+06 2.39E+04 5.03E-07 1.01
Kaempferol 2.95E+06 1.18E+05 3.39E-07 1.04
Naringenin 4.79E+05 1.66E+04 2.09E-06 1.04
Apigenin 6.85E+05 1.74E+04 1.46E-06 1.03
Phlortein 1.67E+05 1.11E+04 5.97E-06 1.07
Resokaempferol 4.21E+05 1.07E+04 2.38E-06 1.03
Galangin 1.47E+06 2.72E+04 6.78E-07 1.02
3,6,4ATHF 5.66E+05 1.11E+04 1.77E-06 1.02
3H4'MF 2.94E+05 2.78E+04 3.41E-06 1.10
3H5MF 4.77E+05 3.14E+04 2.10E-06 1.07
3H6MF 3.13E+05 2.68E+04 3.19E-06 1.09
3H7MF 7.22E+05 7.93E+03 1.39E-06 1.01
4'HE6MF 6.61E+03 2.20E+03 151E-04 1.42
4'HTMF 1.73E+04 1.72E+03 5.78E-05 1.11
5H7MF 2.29E+04 9.79E+02 4.37E-05 1.04
6HA'MF 1.87E+04 3.16E+03 5.36E-05 1.19
6H7MF 1.28E+05 9.22E+02 7.79E-06 1.07
7HA'MF 8.22E+04 1.07E+04 1.22E-05 1.14
5,7DM3HF 1.04E+05 2.49E+03 9.65E-06 1.02
7,ADM3HF 6.09E+05 3.32E+04 1.64E-06 1.06
5,4DH7TMF 4.95E+04 3.07E+03 2.02E-05 1.06
5,6DH7MF 1.96E+05 2.31E+04 5.11E-06 1.13
HF = hydroxyflavone; DHF = dihydroxyflavone; THF = trihydroxyflavone; H-MF = hydroxyl-

methoxyflavone; DH-MF = dihydroxy-methoxyflavone; and DM-HF = dimethoxy- hydroxyflavone
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Training set molecules were used to develop the QSMR models and test set molecules
were used to test the predictive ability of the models. Ten such randomized groups of
training and test set were formed for UGT1A8 and UGT1A9 each for the in silico
modeling. The molecules in the training and test set of the ten randomized groups for

UGT1A8 and UGT1A9 are shown in Table E1 and Table E2 of Appendix E.
6.3.5. Entering intrinsic clearance values

Structure of selected 48 flavonoids (Figure 19, Table 5) was drawn/ sketched using
Catalyst® or Discover Studio software by Accelrys, Inc., San Diego, CA. Once the
structure is sketched, it is subjected to clean up, to optimize the bond length and angles,
using minimization of energy. The file was saved as .sd or .mol file. Using a
“spreadsheet” feature in the software, desired compounds were added to the each training
and test set spreadsheet. Different spreadsheets were created for the training and test set

of each randomized group of UGT1A8 and UGT1A9.

For pharmacophore-based QSMR modeling, the activity values (inverse of approximate
intrinsic clearance values) for the molecules were entered in the Activ attributes (column)
of the spreadsheets. Uncertainty in the activity values was calculated using the
experimental standard deviation of the activity values as the average of {(Mean activity +
SD)/ Mean activity} and {(Mean activity / (Mean activity-SD)}. Uncertainty values were
entered in the Uncert attributes (column) of the spreadsheet. Intrinsic clearance and

uncertainty values of flavonoids for UGT1A8 and 1A9 were given in Table 6. For 2-D/3-
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D QSMR modeling, n=3 individual experimentally derived Cl;,; values for UGT1A8 and

1A9 were input as activity in the spreadsheet.
6.3.6. Generation of conformers and calculation of molecular descriptors

Since, there is no information in literature about the active conformation of flavonoid
molecules in the UGT enzyme cavity; hence, we generated the maximum number of
conformers (3-D configuration of a particular molecular structure) possible for the
molecules. All possible (maximum 255) conformations of a molecule with 20 Kcal/mol
cut off above minimum energy were generated using the “Best” function of Discovery
studio to ensure the widest possible conformer coverage. Each spreadsheet was used for
generating the maximum conformers of all the molecules in it. The output file with all the
confirmations for each spreadsheet was further used to calculate the 2-D and 3-D
molecular descriptors of all the molecules in the spreadsheet. Broad groups of 2-D
descriptors calculated were AlogP, estate keys, molecular properties, molecular property
counts, topological descriptors, surface area and volume. Broad groups of 3-D descriptors
calculated were dipole, Jurs descriptors, molecular properties, principle moment of

inertia, shadow indices and molecular volume.
6.3.7. Pharmacophore-based 3-D QSMR modeling

Feature mapping for all the compounds were done using “Feature Mapping” tool of the
Discovery Studio. Hydrophobic region (HR), hydrogen bond acceptors (HBA), hydrogen

bond donors (HBD), and ring aromatic (AR) (which might and might not be
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hydrophobic) were the only features found in all the molecules. “3-D QSAR
Pharmacophore Generation (Hypogen module)” tool of the Discovery Studio was used to
develop the pharmacophores using training set molecules. Output file obtained from the
conformer generation step in section 6.3.6 was used as input file in this step. Software
generated the 10 best pharmacophores as output, also referred as “hypotheses”. These
pharmacophores were further used to predict the activity of molecules of test set. The
predictive ability of each pharmacophore and the correlation between experimental and
estimated values of the molecules were calculated to select the best pharmacophore. This

exercise was repeated for each randomized group of both UGT1A8 and UGT1A9.
6.3.8. 2-D/3-D QSMR modeling

Out of the total 361 2-D (237) and 3-D (58) descriptors calculated in section 9.2.6, 80 2-
D or 58 3-D descriptors molecular descriptors were used to generate 2-D or 3-D QSMR
models, respectively in the Discovery Studio. Certain low-variable (almost constant)
descriptors that were different from a constant only for a few (2-3) compounds in the
training set, were also eliminated while building the model, because such descriptors
could not provide useful statistical information and decreased the model predictive
ability. 157 such 2-D descriptors were not used for model building. 2-D and 3-D
molecular descriptors were also used in combination (total 135 descriptors) to develop 2-
D/3-D QSAR models. Multiple 2-D and/or 3-D molecular descriptors as independent

variables and Cl;y; as dependent variable were used to develop the predictive models.
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Partial least square (PLS) regression technique was used in modeling as the number of
descriptors was much greater than number of compounds (data points). PLS regression
uses transformation of large number of independent variables into small number of
principle components. These principal components were mutually independent linear
combinations of original descriptors and were chosen in such a way as to provide
maximum correlation with dependent variable. The number component should be
maximum 3 times the number of compounds used for building the model. For UGT 1A8
(32 compounds in training set), n = 10 principle components and for UGT1A9 (37
compounds in training set), n = 15 principle components were selected to build the

models.
6.3.9. Data analysis

Each pharmacophore-based 3-D QSMR model developed using a particular training set
was analyzed for its ability to semi-quantitatively (high versus low metabolizing
compounds) or quantitatively (approximate Cliy; values) predict the activity of the
compounds in the corresponding test set. Predictive ability of the model was defined as
the percentage of compounds of the test set which were correctly predicted using the
model. Similarly, each 2-D QSMR, 3-D QSMR, and 2-D/3-D QSMR model developed
using a particular training set was analyzed for its ability to quantitatively (approximate
Clint values) predict the activity of compounds in the corresponding test set. r* value of

correlation between experimental and estimated value by PLS model was calculated.
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Additionally, average squared error was calculated as Average [{(Experimental Cliy —

Estimated Cliy)/ Experimental Cli,}?] for both training and test set.
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6.4. Results

6.4.1. Confirmation of flavonoid glucuronides structure by LC-MS/MS

We conducted simple LC-MS/MS studies of the metabolites to confirm the (mono- and

di-) glucuronides peaks for all flavonoids.

6.4.2. Determination of correction factors for glucuronides of flavonoids

Amounts of glucuronides of certain flavonoids formed were determined using the
corrections factors for individual glucuronides of flavonoids as described in the method
section. UGT isoforms and wavelength used in generation of correction factor and the
correction factor for each glucuronides are detailed in Tables C1-C4 (Appendix C). The
correction factors were in the range of 0.5 (for 3-O-G of 3HF) to 2.5 (for 3-O-G for

3,7DHF).

6.4.3. Pharmacophore-based 3-D semi-quantitative SMR models

We tried to develop isoform-specific pharmacophore-based 3-D QSMR model. We found
that there was no correlation between the experimentally obtained and pharmacophore
estimated Cl;,; values for UGT1A8 and UGT1A9. Hence, it was not possible to do
quantitative prediction using pharmacophore models. However, when we divided the

compounds into two classes of high and low metabolizing compounds (cut off was
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arbitrarily set at Cliy value of 3 x 10°> ml per min per mg of protein for UGT1A9 and 3 x
10° ml per min per mg of protein for UGT1AS8), generated models were able to
reasonably predict the compounds in the right class. Pharmacophores with predictive

ability of more than 60% for both training and test set were reported here.

Discovery Studio generated 10 pharmacophores using training sets of each randomized
group (total 10 sets). For each group, out of 10 pharmacophores, best pharmacophore
model was chosen based on the following criteria for selection. (1) Ability of each
pharmacophore of a randomized group for predicting the compounds of training set into
right class was calculated. Pharmacophores with predictive ability of less than 60% for
training set were discarded. (2) For rest of the pharmacophores were mapped with
compounds of test set and estimated Cl;,; values were generated. Only pharmacophores
which were able to map all test set substrates were selected here. If no pharmacophore
could map all test set compounds, then pharmacophore which could map maximum
number of compounds were selected. (3) Then, the ability of the pharmacophores to
correctly predict the compounds from test set into the right class were calculated. If a
compound was not mapped by the pharmacophores, it was considered as falsely
predicted. Pharmacophores with predictive ability of less than 60% for test set were
discarded. (4) Out of the remaining pharmacophores, one single (best) pharmacophore
was chosen for each randomized group, based on which pharmacophore more correctly

predicted the compounds at the extremes of the activity range.
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Based on these selection criteria, for UGT1AS8, out of the ten randomized groups’
training sets, only 4 (I11, V, VIII and IX) were able to generate pharmacophores which
had the predictive power of 60-80% for the training sets, but only VIII and IX groups’
pharmacophores predicted equal to or more that 60% of the test set compounds correctly.
However, we observed that each of these pharmacophores wrongly predicted the low
metabolizing compounds (only 2 in each test set) as high metabolizing. Both
pharmacophores over-estimated all activity values. Hence, we did not approve the two
pharmacophores as the right predictive models. So, we could not get any valid predictive

model for UGT1AS.

On the other hand, for UGT1AO9, all of the ten randomized groups’ training sets were able
to generate pharmacophores which had the predictive power of 60-90% for the training
sets. But out of these ten, only five (II, III, V, IX and X) randomized groups’
pharmacophores had the predictive power of more than 60% for both training and test set.
The data for each of the pharmacophore estimated Cl;,; values and predicted class of the

compounds of training and test set were listed in table E3-E6 (Appendix E).

UGT1A9_pharmacophore_Group Il: Group Il was the only group to be able to generate
four-feature pharmacophore which passed the cut of >60% predictive ability. Rest of the
groups generated only three-feature pharmacophores. The best pharmacophore had the
following features: two hydrogen bond acceptors (HBA), one hydrogen bond donor

(HBD) and one hydrophobic region.
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Group Il

Feature Z
HBA1 0.336 3.495 0.402
HBA2 -1.97 -4.932 -0.905
HBD 4.857 4.037 0.108

HYDROPHOBIC _ -3.463 1.65 0.119

Figure 20. UGT1A9 Pharmacophore for Group Il.

Four-feature pharmacophore with two hydrogen bond acceptors (HBA), one hydrogen
bond donor (HBD) and one hydrophobic region in a defined 3-D space was generated by
Discovery Studio using the training set compounds in group Il. The pharmacophore
shown here was the best pharmacophore chosen based on the selection criteria defined in
section 9.4.3. The figure shows the mapping of substrate kaempferol with the
pharmacophore for Group II.

164



The X, Y, Z coordinates of the features were shown in Figure 20. When kaempferol (a
high metabolizing substrate of UGT1A9) was mapped with the pharmacophore, hydroxyl
group at 7-C position mapped with HBD and phenyl side chain mapped with
hydrophobic region. The one HBA mapped with the carbonyl group oxygen and the other

HBA mapped with oxygen of the pyran ring (Figure 20).

The predictive abilities of this pharmacophore for the training and test set were 65% and
67%, respectively. Out of the 9 test set compounds, the pharmacophore was able to map
only eight compounds and wrongly predicted high metabolizing compounds 3,5DHF and

3H5MF into low metabolizing class (Table E3, Appendix E).

UGT1A9 pharmacophores_Group Ill and IX: Training sets of both groups Il and IX,
generated three-feature pharmacophores with one HBA, one HBD and one hydrophobic
region each. However, location constrains between the three features of the two
pharmacophores were totally different (Figure 21). Mapping with kaempferol showed
that HBAs of the two pharmacophores were located at different point in 3-D space
(Figure 21). In the pharmacophore of group 111, HBA mapped with the oxygen of pyrane
ring, whereas, in the pharmacophore of group IX, HBA mapped with the carbonyl
oxygen. The center of hydrophobic region of both pharmacophores mapped with the
phenyl side chain. The HBD both pharmacophores also mapped for 7-OH group but the
direction of vector was different, which means that the interaction space of the groups

mapping with HBD lies in different direction and space.
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Group I Group IX

Feature X Feature
HBA _ 0.097 R 1.643 HBA
HBD 7.703 -0.417 1.037 HBD
HYDROPHOBIC _ -3.588 1.928 -0.446 HYDROPHOBIC

Figure 21. UGT1A9 Pharmacophores for Group 111 and IX.

Three-feature pharmacophores with one hydrogen bond acceptor (HBA), one hydrogen
bond donor (HBD) and one hydrophobic region in a defined 3-D space was generated by
Discovery Studio using the training set compounds in group Il and IX. The
pharmacophores shown here were the best pharmacophores chosen based on the selection
criteria defined in section 9.4.3. The figure shows the mapping of substrate kaempferol
with the pharmacophores for Group 111 and IX.

166



The predictive abilities of pharmacophore of group Il for the training and test set was
78% and 67%, respectively. On the other hand, pharmacophore of group IX showed
better predictive ability for the test set than all other groups’ pharmacophore, with 73%
and 78% correct predictions for training and test set, respectively (Table E5, Appendix
E). Similar to the pharmacophore of group Il, group Il pharmacophore also wrongly
predicted high metabolizing compounds 3HF, 3,5DHF and 3H5MF into low metabolizing
class (Table E4, Appendix E). Both pharmacophores mapped all the nine substrates of the

respective test set.

UGT1A9 pharmacophores Group V and X: Training sets of both groups V and X
generated three-feature pharmacophores with one HBA, one HBD and one aromatic ring
each. Similar to the case above, location constrains between the three features of the two
pharmacophores were different (Figure 22). Mapping with kaempferol showed that HBA
in the pharmacophore of group V mapped with the oxygen of pyrane ring, whereas, HBA
in the pharmacophore of group X mapped with the carbonyl oxygen (Figure 22). The
HBD both pharmacophores also mapped for 7-OH group and the vectors were also in the
same directions. The centeroids of the aromatic rings of both pharmacophores mapped
with the phenyl side chain, but the interaction space were in the opposite directions

(Figure 22).
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Feature X N z Feature
HBA - 0.28 3.48 0.52 HBA -1.96 -47 -1.56

HBD 4.98 3.88 0.82 HBD 5.066 3.81 1.132
RING AROMATIC -4.505 -1.099 1.205 RING AROMATIC - -2.084 2.678 2.386

Figure 22. UGT1A9 Pharmacophores for Group V and X.

Three-feature pharmacophores with one hydrogen bond acceptor (HBA), one hydrogen
bond donor (HBD) and one aromatic ring in a defined 3-D space was generated by
Discovery Studio using the training set compounds in group V and X. The
pharmacophores shown here were the best pharmacophores chosen based on the selection
criteria defined in section 9.4.3. The figure shows the mapping of substrate kaempferol
with the pharmacophores for Group V and X.
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The predictive abilities of pharmacophore of group V for the training (65%) and test set
(67%) were exactly similar to the pharmacophore of group Il, whereas, predictive
abilities of pharmacophore of group V were for the training and test set were 73% and
67%, respectively (Tables E5-E7, Appendix E). Group X pharmacophore wrongly
predicted low metabolizing compounds 7,4’DHF, 7H4’MF and phloretin of the test set

into high metabolizing class (Table E7, Appendix E).

6.4.4. Pharmacophores comparison

We compared all the five pharmacophores to understand the differences and similarity
between them. The HBA and HBD features of one pharmacophore were mapped to the
HBA and HBD features of another pharmacophore, respectively. Similarly,
“hydrophobic” and “ring aromatic” features of one pharmacophore were mapped to the
“hydrophobic” and “ring aromatic” features of another pharmacophore, respectively.
However, “hydrophobic” feature of one pharmacophore was not mapped to the “ring

aromatic” feature of another pharmacophore.

The displacement value of individual features were calculated and used to calculate root-
mean-square (RMS) displacement values for each pair of pharmacophores. No
displacement values by mapping “hydrophobic” to “ring aromatic” feature was
calculated, hence only HBA and HAD displacement values were used to calculate RMS

in these pairs of pharmacophores.
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Pharmacophores from Group Il and |11 Pharmacophores from Group Il and V

Feature Feature
HBA_1_Group Il HBA_1_Group Il
HBA_2_Group Il HBA_2_Group Il

HBD_Group 11 HBD_Group 11
HYDROPHOBIC_Group Il HYDROPHOBIC_Group Il
HBA_Group I HBA_Group V
HBD_Group I HBD_Group V
HYDROPHOBIC Group 111 RING AROMATIC Group V

Figure 23. Comparison of UGT1A9 Group Il Pharmacophore with Group 111 and
Group V Pharmacophore.

Group Il and I11: Location constraint “hydrophobic” was mapped to “hydrophobic”
(displacement = 1.08 A). Location constraint "HBD (smaller sphere)" mapped to "HBD
(smaller sphere)" (displacement = 1.80 A). Location constraint "HBD (bigger sphere)”
mapped to "HBD (bigger sphere)" (displacement = 2.96 A). Location constraint "HBA1
(smaller sphere)" mapped to "HBA (smaller sphere)" (displacement = 0.85 A). Location
constraint "HBAL (bigger sphere)" mapped to "HBA (bigger sphere)" (displacement =
1.19 A). RMS displacement = 1.75 A. Group Il and V: Location constraint "HBD
(smaller sphere)" mapped to "HBD (smaller sphere)" (displacement = 0.12 A). Location
constraint "HBD (bigger sphere)” mapped to "HBD (bigger sphere)" (displacement =
0.12 A). Location constraint "HBA1 (smaller sphere)" mapped to "HBA (smaller
sphere)" (displacement = 0.11 A). Location constraint "HBA1 (bigger sphere)" mapped
to "HBA (bigger sphere)" (displacement = 0.17 A). RMS displacement: 0.13 A.
Hydrophobic feature in pharmacophore of group Il was not mapped to ring aromatic
feature in pharmacophore of group V.
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Pharmacophoresfrom Group Il and IX Pharmacophores from Group Il and X

Feature Feature
HBA_1_Group 1 HBA_1_Group 1
HBA_2_Group |1 HBA_2_Group 1

HBD_Group 1 HBD_Group Il
HYDROPHOBIC_Group Il HYDROPHOBIC_Group Il
HBA_Group IX HBA_Group V
HBD_Group IX HBD_Group V
HYDROPHOBIC Group IX RING AROMATIC GroupV

Figure 24. Comparison of UGT1A9 Group |1 Pharmacophore with Group IX and
Group X Pharmacophore.

Group Il and IX: Location constraint “hydrophobic” was mapped to “hydrophobic”
(displacement = 0.29 A). Location constraint "HBD (smaller sphere)" mapped to "HBD
(smaller sphere)" (displacement = 0.18 A). Location constraint "HBD (bigger sphere)”
mapped to "HBD (bigger sphere)" (displacement = 0.13 A). Location constraint "HBA2
(smaller sphere)" mapped to "HBA (smaller sphere)" (displacement = 0.95 A). Location
constraint "HBA2 (bigger sphere)" mapped to "HBA (bigger sphere)" (displacement =
0.72A). RMS displacement = 0.56 A. Group Il and X: Location constraint "HBD
(smaller sphere)" mapped to "HBD (smaller sphere)" (displacement = 0.07 A). Location
constraint "HBD (bigger sphere)” mapped to "HBD (bigger sphere)" (displacement =
0.03A). Location constraint "HBA2 (smaller sphere)" mapped to "HBA (smaller sphere)”
(displacement = 0.07 A). Location constraint "HBA2 (bigger sphere)" mapped to "HBA
(bigger sphere)" (displacement = 0.05 A). RMS displacement: 0.06 A Hydrophobic
feature in pharmacophore of group Il was not mapped to ring aromatic feature in
pharmacophore of group X.
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Pharmacophores from Group Il and 1X

Feature
HBA_Group 11
HBD_Group 1

HYDROPHOBIC_Group I
HBA_Group IX
HBD_Group IX

HYDROPHOBIC Group IX

Pharmacophores from Group V and X

Feature
HBA_GroupV
HBD_Group V

RING AROMATIC_Group V
HBA_Group X
HBD_Group X

RING AROMATIC_Group X

Figure 25. Comparison of UGT1A9 Pharmacophore of Group 11 with Group IX
and Group V with Group X.

Group 111 and IX: Location constraint “hydrophobic” was mapped to “hydrophobic”
(displacement = 3.79 A). Location constraint "HBD (smaller sphere)" mapped to "HBD
(smaller sphere)" (displacement = 1.41 A). Location constraint "HBD (bigger sphere)”
mapped to "HBD (bigger sphere)" (displacement = 2.37 A). Location constraint "HBA1
(smaller sphere)" mapped to "HBA (smaller sphere)" (displacement = 3.10 A). Location
constraint "HBAL (bigger sphere)" mapped to "HBA (bigger sphere)" (displacement =
3.07A). RMS displacement = 2.86 A. Group V and X: Location constraint "ring
aromatic (centroid)" mapped to "ring aromatic (centroid)" (displacement = 1.80 A).
Location constraint "ring aromatic (outer sphere)” mapped to "ring aromatic (outer
sphere)" (displacement = 3.03 A). Location constraint "HBD (smaller sphere)" mapped to
"HBD (smaller sphere)" (displacement = 0.96 A). Location constraint "HBD (bigger
sphere)" mapped to "HBD (bigger sphere)" (displacement = 4.85A). Location constraint
"HBA (smaller sphere)" mapped to "HBA (smaller sphere)" (displacement = 4.03 A).
Location constraint "HBA (bigger sphere)" mapped to "HBA (bigger sphere)"”
(displacement = 4.83 A). RMS displacement: 3.57 A
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Pharmacophoresfrom Group 11l and V Pharmacophores from Group IX and X

Feature Feature
HBA_Group I11 HBA_Group IX
HBD_Group 11 HBD_Group IX

HYDROPHOBIC_Group\IlI HYDROPHOBIC_Group IX
HBA_Group V HBA_Group X
HBD_Group V HBD_Group X

RING AROMATIC_Group V RING AROMATIC_Group X

Figure 26. Comparison of UGT1A9 Pharmacophore of Group 11 with Group V and
Group IX with Group X.

Group Il and V: Location constraint "HBD (smaller sphere)" mapped to "HBD
(smaller sphere)" (displacement = 1.94 A). Location constraint "HBD (bigger sphere)”
mapped to "HBD (bigger sphere)" (displacement = 2.55 A). Location constraint "HBA
(smaller sphere)" mapped to "HBA (smaller sphere)" (displacement = 0.68 A). Location
constraint "HBA (bigger sphere)" mapped to "HBA (bigger sphere)" (displacement =
3.07A). RMS displacement = 1.81 A. Group IX and X: Location constraint "HBD
(smaller sphere)" mapped to "HBD (smaller sphere)" (displacement = 0.22 A). Location
constraint "HBD (bigger sphere)” mapped to "HBD (bigger sphere)" (displacement =
0.26 A). Location constraint "HBA (smaller sphere)" mapped to "HBA (smaller sphere)"
(displacement = 0.94 A). Location constraint "HBA (bigger sphere)" mapped to "HBA
(bigger sphere)" (displacement = 0.72 A). RMS displacement: 0.61 A. Hydrophobic
feature in pharmacophore of group Il and 1X were not mapped to ring aromatic feature
in pharmacophore of group V and X, respectively.
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Table 7 Root-mean-square displacement between each pair of 5 UGT1A9

pharmacophores

Pharmacophore 1

Pharmacophore 2

Root-mean-square (RMS)
displacement (A)

I i 1.75
I \ 0.13
I IX 0.56
I X 0.06
I \ 1.81
i IX 2.86
i X 1.77
\ IX 2.79
\ X 3.57
IX X 0.61
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Root-mean square (RMS) displacement provides a comparison between two
pharmacophores with regards to distance between key feature centers, with low RMS
values indicating better overlapping of features. Figures 23-26 describes the displacement
values of individual features for selected pair of pharmacophores. Table 7 showed the
RMS displacement values of each pair of pharmacophores compared. When
pharmacophore Il (with four features) was compared with pharmacophores from other
groups (with only three features), we observed that pharmacophores from all group
mapped well with group Il pharmacophore, except group Il (Figures 23 and 24). Group
X pharmacophore (0.06 A) (Figure 24) showed the lowest (RMS) displacement from
group 11 pharmacophore, followed by group V (0.13 A) (Figure 23) and group 1X (0.56
A) (Figure 24) pharmacophore (Table 7). It is to be noted that the lowest RMS in case of
group Il compared with group X, was based on overlapping of two features (HBA and
HBD) only. However, if three features pharmacophores were compared to each other
(Figures 25 and 26, each pair presented high RMS displacement, except group 1X and X

pharmacophores (0.61 A) (Table 7).

This suggested that in general, group Il pharmacophore with four features (two hydrogen
bond acceptors, one hydrogen bond donor and one hydrophobic center) can be considered
as the best representative pharmacophore for the selected group of compounds. Also, we
observed that most compounds showed good fitting with pharmacophore from group 11

and one or more other group pharmacophore. In summary, we were able to develop five
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distinct semi-quantitative 3-D QSMR pharmacophores, which together can correctly
predict the selected compounds as high versus low metabolizing compounds with more

than 75% accuracy.

6.4.5. 2-D/3-D QSMR models

Same 10 randomized group training and test sets as in pharmacophore modeling were
used to build 2-D and/or 3-D QSMR models using PLS regression. 10 and 15 principle
components were used to build UGT1A8 and UGT1A9 PLS models, respectively. Each
compound was mapped against the 5 pharmacophores of UGT1A9 and error of estimated
Clint values from the experimental Cli,; values was calculated. Similarly, each compound
was mapped against the 4 pharmacophores of UGT1A8 which passed the criteria of
>60% predictive ability for training set and error was calculated. The confirmation of
compound which gave the least error with any of the selected pharmacophores was
assumed as the most probable confirmation of compound in the enzyme active site.
These confirmations of compound were selected for calculating descriptors. It is to be
noted that same compound could show different best confirmation for UGT1A8 and
UGT1A9 modeling. Also, for UGT1A9, two confirmations of 3H4’MF was used as both
gave almost similar error values with different pharmacophores. To account for the
standard deviation in the Cli,; values, each compound was entered in the spreadsheet

three times with three distinct experimentally derived activity values, such that total
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number of compounds for UGT1A9 were 111 (37 x 3) and for UGT1A9 were 96 (32 x 3)

or 99 (where 3H4’MF was part of the training set).

PLS models which gave r? value of equal to or more than 0.6 and average squared error
of less than 50 with the training sets were selected for validation by test sets. We
observed than none of the randomized group training sets were able to generate models
with r* > 0.6 with 2-D and 3-D descriptors alone. Only when 2-D and 3-D descriptors
were used in combination, PLS models with r> > 0.6 were generated. In UGT1A8
randomized groups, three groups 111, 1V and V11 could not generate PLS models with r? >
0.6. Similarly, in UGT1A9 randomized groups three groups V, VII and 1X could not
generate PLS models with r* > 0.6. However, out of 7 PLS models of UGT1A9 with r? >
0.6, only group IV model gave a reasonable squared error (15.5) and was tested further
for validation with test set compounds (Table 8). Similarly, out of 7 PLS models of
UGT1A8 with r? > 0.6, only model of 5 groups (I, I, VIIL IX and X) gave lower average
squared error values and tested further for validation with respective test set compounds

(Table 8).

To further improve the model, we tried to optimize the number of descriptors and
principle components in order to improve the correlation and lower the average squared
error. We multiplied the minimum and maximum value of descriptors of all compounds

with the coefficients of descriptors obtained with various models.
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Table 8 Correlation coefficient (r?) of the linear regression between experimental
and estimated Clin values and average of squared error of the estimated Cljn values
of UGT1A8 and UGT1A9

Training sets
UGT1A8 UGTI1A9
Average Average
Group r? squared error Group r? squared error
I 0.62 0.56 I 0.61 4906.47
] 0.67 0.58 I 0.61 658.85
i 0.54 5.51 11 0.61 3554.98
\Y 0.52 1.12 \Y 0.72 15.48
\ 0.64 395.57 \Y 0.58 662.49
VI 0.68 1197.55 VI 0.73 98.14
VIl 0.5 2.73 Vil 0.58 263.77
VIII 0.7 1.68 VIl 0.64 1794.06
IX 0.6 451 IX 0.53 4125.94
X 0.72 47.05 X 0.67 256.82
Test sets
UGT1A8 UGT1A9
Average Average
Group r? squared error Group r? squared error
I 0.86 48225.63 \Y/ 0.3 335.1
] 0.35 1907820
VIl 0.33 7.59
IX 0.03 4195
X 0.65 1.45
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For UGT1AS8, all descriptors (total 60) with product value more than 10* were selected
from all the randomized groups, whereas for UGT1A9, all descriptors (total 65) with
product value more than 10° were selected from all the randomized groups. These
descriptors were used to rebuild the PLS models. Result showed that there was either no
improvement in the r* values or the r* decreases for most groups in both UGT1A8 and
UGT1A9 with the used of lower number of descriptors. So, finally 135 2-D and 3-D
descriptors were used to building final models. We also tried to reduce the number of
components. But for most groups of UGT1A8 and UGT1AS8, selection of less than 10 and

15 principle components to build model resulted in r* values of less than 0.6.

When the selected PLS models were tested for prediction of test set, all models failed on
one or both of the criteria of r > 0.6 and average squared error < 50, except UGT1A8
group X PLS model (Table 8). It is to be noted that group VIII model gave very less
average squared error but the r? of the experimental and estimated values was lower than
desired (0.33). But this model had the potential for further improvement by using various

combinatorial in silico techniques and probably increasing the number of compounds.

The selected models also did not estimate all activity values in training set as positive.
Group | model estimated Cli; of one compound (4’H6MF) as negative value. Group II
model estimated Cli; of two compounds (3H5MF and 4’H6MF) as negative value. Group
VIII and IX estimated negative value Cli,; for 7 and 5 compounds, respectively. Group X

model also estimated Cliy; of two compounds (5,7DM3HF and 4’H6MF) as negative
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value. Group I, I, VIII and IX model estimated their respective test set compound Cl;,; as
positive value whereas group X model estimated Cl;; of 50% of the test compounds as
negative values. This difference could be mainly due to the fact that the constant in the
PLS regression equation of these models had a positive sign, whereas the constant in PLS
regression equation of group X model had a negative sign (-1.13 x 10"). Hence, we

deduced that none of the above models could be successfully used for prediction purpose.
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6.5. Discussion

We concluded that semi-quantitative pharmacophore-based 3-D SMR prediction models
could be developed for UGT1A9 with the predictive ability of more than 75%. This
conclusion is supported by the fact that we developed and validated four three-featured
and one four-featured pharmacophores for UGT1A9 using 5 randomly divided training
and test set (Figure 20-22) with predictive ability of > 60%. All pharmacophores could
correctly predict at least 60% training and test compounds as lowly (with Cliy < 3 x 10°
ml per min per mg of protein) or highly metabolizing (with Cli> 3 x 10°) compounds,

and one three-featured pharmacophore showed >75% predictive ability.

We also showed that all the five pharmacophores could be defined using three or four of
the five features (two hydrogen bond acceptors (HBA), one hydrogen bond donor (HBD),
one hydrophobic center and one aromatic ring) in different 3-D spatial arrangements
(Figure 20-22). The two three-featured pharmacophores had one HBA, one HBD and one
hydrophobic center, however the HBA in both pharmacophores were placed at different
3-D space (Figure 21). Similarly, other two three-featured pharmacophores had one
HBA, one HBD and one aromatic ring, with HBA in both pharmacophores again placed
at different space (Figure 22). The four-featured pharmacophore had two HBA, one HBD
and one hydrophobic center (Figure 20). The two HBAs in four-featured pharmacophore
overlapped with the two different HBAs in the three-featured pharmacophores (Figures

23-24).
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Upon comparison of all the pharmacophores with each other we found that the four-
featured pharmacophore showed very low root-mean-square (RMS) displacement values
from all the three-featured pharmacophores except group Ill (Figures 23-24, Table 7).
This strongly indicates that the four-feature pharmacophore could be used as
representative 3-D arrangements of important chemical features in the structure of
flavonoids responsible for the glucuronidation by UGT1A9. This was also supported by
the fact that except for the pharmacophores of group IX and X, all the other pairs of
pharmacophores on comparison showed very high RMS displacement values (Figures 25-

26, Table 7).

This also suggests that using these five pharmacophores, one single four-featured
pharmacophore with location constraints + standard deviation can be generated, which
might successfully map and semi-quantitatively predict all the training and test
compounds. The location constrain * standard deviation of this resulting pharmacophore
can be derived from the displacement values of individual features of all the three-
featured pharmacophores from the four-featured pharmacophore. It is to be noted that
since the cut-off value of low versus high metabolizing compounds were arbitrarily set,
changing the cut-off value might or might not significantly impact the choice of the best

pharmacophore with different location constraints for a randomized group.

We were not able to develop any pharmacophore for UGT1A8 which could successfully

predict both training and test set with >60% predictive ability. Most pharmacophores
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developed for UGT1A8 were over estimating the Cl;y; values. Even though, certain
pharmacophores could successfully differentiate between the low versus high
metabolizing compounds of training set (> 80% predictive ability), no pharmacophore
could rightly predict the low metabolizing test set compounds in the right category. The
main reason for this failure could be that the chemical space of the compound

randomized as test set in these cases were not well represented in the training set.

We also observed that there was no correlation what-so-ever between the pharmacophore
estimated versus experimental Cl;y; values, suggesting that these pharmacophore-based 3-
D models could not be used for any kind of quantitative prediction. This suggests that
probably the closely related rigid planar structure of flavonoids with not-so diverse Clin
activities might be a limiting factor in generation of quantitative prediction model using
pharmacophore modeling. However, these pharmacophores could be successfully used as
the starting point for other modeling techniques such as CoMFA (comparative molecular
field analysis) to generate QSMR models. We successfully used the pharmacophores in
this study to derive the best conformation to give the least deviation from the
experimental Cli; values and used that to generate 2-D/3-D QSAR models. This
significantly helps to improve the prediction and reducing the average squared error than

using all the possible conformation of a compound to build the models.

We observed that PLS models developed using 2-D and 3-D descriptors in combination

gave better correlation r? between estimated versus experimental Cliy; values than the PLS

183



models developed using either 2-D or 3-D descriptors alone. This suggests that certain 2-
D and 3-D descriptors are important to define the quantitative structure-glucuronidation
relationship between flavonoids and UGTs. But even using 2-D/3-D descriptors in
combination, we could not develop a desired QSMR prediction model (r* > 0.6 and error
< 50). However, better models could be developed for UGT1A8 data than UGT1A9 data
in terms of much lower average squared error and has the potentially for further

improvement (Table 8).

We tried to improve the model using lower number of descriptors, 60-65 versus 135
descriptors, but it made the models worse with lower r® values. This suggested that the
technique of choosing more important descriptors based on the values of product of
coefficient of descriptors obtained by PLS model and the respective range of descriptor

values of selected compounds was not the right one.

We believe that addition of more compounds with varied structure and activity covering
the whole chemical space and activity range could help to improve both pharmacophores
and 2-D/3-D QSMR models. Ideally activity range should be minimum 3-4 log value
apart and should show equal distribution. In contrast, current data set though showed 3-4
log difference in activity values but distribution of activity was not equal, with most Cljy
values derived in the range of 10°-10*. Also, adding excluded volumes for methoxyl
groups in the model might also help to further improve the predictive ability of

pharmacophore models.
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The experimental data used in this study was the experimentally derived approximate
Clin; values, based on assumption that all selected flavonoids follow MM enzyme kinetics
for glucuronidation by UGTs. Since it is known from the recent published®” and
unpublished data from our lab that all the compounds do not follow MM enzyme kinetics
with all the isoforms, there might be a need to derive the actual Kp,, and Vyax to get the
more accurate Cl;,; data for these compounds, though we are not yet sure how much this

approach would improve the models.

From the perspective of predicting flavonoid glucuronidation that directly impacts
bioavailability, it would be desirable to predict their overall glucuronidation by UGT
isoforms irrespective of the position of glucuronidation. Hence, we used the overall Cliy
values irrespective of the position of glucuronidation, which were derived from
summation of Cl;y values for multiple mono-glucuronides of a flavonoid. However, this
approach might not be the best one from the modeling perspective. We assume that use of
position-specific Cli,; values might be more useful in the development of better prediction

models, although that remains to be validated.

This study was our first attempt to understand the use of our experimental values to
derive predictive models using various techniques. It is clear that semi-quantitative
pharmacophore-based 3-D SMR prediction models could be developed for UGT isoforms
with good predictability. Our overall efforts indicate that we might require more diverse

experimental data, and better interaction between experimentally derived SMR and in
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silico derived SMR to increase the chances of successfully developing the semi-

quantitative and quantitative prediction models for glucuronidation of flavonoids.
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CHANGES IN FLAVONOID BACKBONE AFFECT EXCRETION OF
FLAVONOID SULFATES MORE THAN THE EXCRETION OF FLAVONOID
GLUCURONIDES IN CACO-2 CELL MONOLAYERS

7.1. Abstract

The objective of this study was to determine how changes in flavonoid backbone
structure affect the disposition of flavonoids in the Caco-2 cell culture model. Five
flavonoids were used, one from each subclass of flavone (apigenin), isoflavone
(genistein), flavonol (kaempferol), flavanone (naringenin) or chalcone (phloretin), but all
having the same numbers of hydroxyl groups at the same corresponding position. The
rates of excretion of glucuronides and sulfates were determined at both apical and
basolateral (BL) side during their AP to BL basolateral transport at 10uM. The rates of
excretion of glucuronides of all flavonoids in Caco-2 cell monolayer were comparable
and rapid except for genistein which excreted slowly, due to the position in phenyl ring at
C-3 as opposed to C-2 in other flavonoids (p<0.05). However, rates of excretion of
sulfates of apigenin were the highest in Caco-2 cell monolayers, followed by kaempferol,
naringenin, phloretin and genistein (p<0.05), most probably due to difference in their
rates of sulfation by SULT 1A3 in Caco-2 cells. The rates of formation of glucuronide(s)
of apigenin, genistein and phloretin in Caco-2 cell lysate were significantly higher than
their corresponding rates of excretion, indicating that rates of excretion was limited by

the efflux transporters. Whereas, rates of formation and excretion of glucuronide(s) of

187



naringenin and kaempferol did not show significant differences (p<0.05), indicating that
rates of excretion of these glucuronides were not limited by the efflux transporters. In
conclusion, change in backbone structures impact the excretion of flavonoid sulfates
more significantly than the excretion of their glucuronides in Caco-2 cells, and excretion
of glucuronides were limited either by the formation or efflux transporters depending on

their structures.
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7.2. Introduction

Flavonoids have shown various health benefits such as antioxidants and prevention
against cancer and cardiovascular diseases™™. Structurally, flavonoids are benzo-pyrone
derivatives consisting of phenolic and pyrane rings (Figure 1, pg 5) and are classified
according to the degree of oxidation or substitution pattern of their central pyran ring. In
and among different sub-classes of flavonoid, compounds usually differ in number and
position of hydroxy, methoxy and methyl groups. Based on their chemical structures
backbone, flavonoids can be categorized into seven major sub-classes found in foods,
namely, flavones (2-phenylchromen-4-one backbone); isoflavones (3-phenylchromen-4-
one backbone); flavonols (3-hydroxy-2-phenylchromen-4-one backbone); flavanones
(2,3-dihydro-2-phenylchromen-4-one backbone); flavanols (2-phenyl-3,4-dihydro-2H-
chromen-3-ol backbone); chalcone (Phenyl styryl ketone backbone) and anthocyanidins

14,19, 22

(flavylium (2-phenylchromenylium) ion backbone) (Figure 1, pg 5).

Despite the above-mentioned beneficial properties, it is challenging to develop them as
viable chemopreventive agents due to poor in vivo bioavailability (< 5%) of flavonoids.®®
The main reason for poor bioavailability of flavonoids have been attributed to extensive
in vivo phase-1l metabolism by uridine-5'-diphospho-glucuronyltransferase enzymes
(UGTs) and sulfotransferases (SULTs).” ™ % UGTs and SULTs are fairly well-expressed
in intestinal epithelial cells and hepatocytes which are the first-pass organ for metabolism

of drugs in oral drug delivery.
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Flavonoids from different sub-classes either can occur exclusively in certain plant
products or can over-lapping distribution. For example, soy products are abundant in
isoflavones such as genistein and diadzein, where as anthocyandinis such are EGCG are
found in berries. Isoflavones (genistein) are the structural analogs of flavones (apigenin)
with the phenyl side chain at position C-2 than C-3 in flavones and other sub-classes
(Figure 1, pg 5). Due to this position of side chain, isoflavones are usually less
glucuronidated than other sub-classes.'”® Flavonones (naringenin) are different from
flavones by having the double bond at C2-C3 saturated bond, while flavonols
(kaempferol) have an additional hydroxy group at C-3 (Figure 1, pg 5). Saturation of
double bond at C2-C3 has been shown to be favorable feature for glucuronidation by

UGT1A10.%

Similarly, Wong et al. (2009) showed that increasing the number of hydroxyl groups on
A- or B-ring would enhance the glucuronidation activity of flavones, whereas adding a 3-
OH on C-ring might not.*® Hence, we decided to study how change in the backbone in the
flavonoid with the similar number and position of hydroxyl group will affect the

intestinal disposition of flavonoids.

The Caco-2 cell culture model is an FDA (Food and Drug Administration) recognized
model for determining the absorption of drugs. In silico prediction models developed
using the data of drug transport and permeability in Caco-2 cell, which can successfully

predict the fate of drug absorption in human intestine, have been extensively published
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and used in pharmaceutical industry.’®*#3 But there are only occasional reports published
for describing the structure-metabolism relationship (SMR) or predicting the fate of drug

metabolism and excretion in human intestine using Caco-2 cell model.% 133 184

The objective of present study was to systematically determine the effect of changes in
backbone on the disposition of flavonoids in the Caco-2 cells. We used five flavonoids,
one from each sub-class flavones (apigenin), isoflavones (genistein), flavonols
(kaempferol), flavanones (naringenin) and chalcone (phloretin), which were analogous in
number and position of hydroxyl groups on their different backbones (Figure 1), to
systematically study how the small change in the structural features in the backbone
without changing the position and number of hydroxyl groups in the structure will affects
the excretion of conjugates in the Caco-2 cells. We did not select the analog compounds
from flavanol (epicatechin) and anthocyanidins (pelargonidine chloride) sub-class, as
epicatechin was unstable and very poorly glucuronidated and pelargonidine chloride was

an ionic compound and did not have a good UV absorbance for method development.
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7.3. Materials and Methods

7.3.1. Materials

Cloned Caco-2 cells, TC-7, were a kind gift from Dr. Moniqué Rousset of INSERM
U178 (Villejuit, France). Apignenin, genistein, naringenin, phloretin and kaempferol
were purchased from Indofine Chemicals (Somerville, NJ). Recombinant human UGT
isoforms (commercially known as “Supersomes™”) were purchased from BD
Biosciences (Woburn, MA). Uridine diphosphoglucuronic acid (UDPGA), f-
Glucuronidase, alamethicin, D-saccharic-1,4-lactone monohydrate, magnesium chloride,
and Hanks’ balanced salt solution (powder form) were purchased from Sigma-Aldrich (St
Louis, MO). All other materials (typically analytical grade or better) were used as

received.

7.3.2. Solubility and stability of the tested flavonoids

Solubility and stability (with or without 0.1% vitamin C) of the tested flavonoids were
established at the experimental conditions as per the method explained in section 3.1

(Chapter 3).
7.3.3. Cell culture

The culture conditions for growing Caco-2 cells have been described previously.* 18> 1%

The seeding density (100,000 cells/cm?), growth media (DMEM supplemented with 10%
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fetal bovine serum), and quality control criteria were all implemented in the present study
as they were described previously.'" ¥ ¥ Caco-2 TC-7 cells fed every other day, and

the monolayers were ready for experiments from 19-22 days post-seeding.

7.3.4. Transport experiments in the Caco-2 cell culture model

Experiments in triplicate were performed in pH 7.4 Hank’s balanced salt solution (or
HBSS).'® ¥ The protocol for performing cell culture experiments was from those
described previously.'® ** Briefly, the cell monolayers (4.2 cm?) were washed three times
with 37°C pH 7.4 HBSS. The transepithelial electrical resistance values were measured,
and those with transepithelial electrical resistance values less than 420 ohms x cm? were
discarded. The monolayers were incubated with the buffer for 1 hour and the incubation
medium was then aspirated. Afterwards, the solution containing the compound of interest
was loaded on to the AP side and amounts of transepithelial transport were followed as a
function of time. Four donor samples (400 ul) and four receiver samples (400 pl) were
taken every 30 or 60 min, followed by the addition of 400 ul of donor solution to the
donor side or 400 pl of fresh buffer to the receiver side. A 100 pl of acetonitrile: acetic
acid (94:6) containing 50 uM of formononetin for apigenin or 50uM testosterone for
other compounds was added to each sample as internal standard and preservative.
Afterwards, the mixture centrifuged at 13,000 rpm for 15 minutes, and the supernatant

was analyzed by UPLC (see below).
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7.3.5. Preparation of Caco-2 cell lysate for glucuronidation studies

Cell lysates were prepared using fresh monolayers for measuring rates of glucuronides
formation in Caco-2 cells. For preparing cell lysate, each membrane was cut into pieces
and added to 400 pl of 100mM of ice cold pH 7.4 potassium phosphate buffer in a
centrifuge tube. The tubes were first sonicated using Aquasonic 150D sonicator (VWR
Scientific, Bristol, CT) for 30 min at the maximum power (135 average watts) in an ice-
cold water bath and then centrifuged at 13000 rpm for 8 minutes. The cell lysate resulting
from fresh monolayers was then harvested, pooled. It was used fresh or frozen at -80°C

until use, for measuring the rates of formation of glucuronides.

7.3.6. Preparation of Caco-2 cell lysate for measuring microsomal protein
concentrations and the cellular concentrations of flavonols and their conjugates in

monolayers

Cell lysates were prepared using monolayers used in the transport experiment. After the
last sample, the solution from donor and receiver side was aspirated and 2.5 ml of pH 7.4
HBSS buffer was added on both sides. Cells were incubated at 37°C to wash of any
compound and the respective conjugates sticking on to the surface of the cell and the
solution was aspirated after 10 minutes. The cell lysate was prepared the same way as

explained in section 7.3.5 above. The resulting cell lysate were used to measure the
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microsomal protein concentration and the cellular concentration of compounds and its

conjugates accumulated inside the cells during the course of transport study.

7.3.7. Measurement of cell lysate protein concentration

Protein concentration of cell lysate prepared for doing glucuronidation studies and cell
lysates prepared from the monolayers used in each transport studies was determined

using the BCA protein assay, using the bovine serum albumin as the standard.

7.3.8. Glucuronidation activities of cell lysate

The incubation procedures for measuring glucuronidation activities were essentially the
same as published before." *2 Briefly, incubation procedures using cell lysate were as
follows: (1) cell lysate (final concentration ~ 0.1 mg of protein per mL), magnesium
chloride (0.88 mM), saccharolactone (4.4 mM), alamethicin (0.022 mg/mL), 10 uM
concentrations of substrates in a 50 mM potassium phosphate buffer (pH 7.4), and
UDPGA (3.5 mM, add last) were mixed; (2) the mixture (final volume = 200 pL) was
incubated at 37°C for a predetermined period of time (30 or 60 min); and (3) the reaction
was stopped by the addition of 50ul of 94% acetonitrile/6% glacial acetic acid
containing 50 pM formononetin for apigenin or testosterone for other compounds as the

internal standard.
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7.3.9. UPLC analysis of flavonoids and their conjugates

We analyzed five flavonoids and their respective conjugates by using the following
common method: system, Waters Acquity UPLC with photodiode array detector and
Empower software; column, BEH Cyg, 1.7 um, 2.1 x 50 mm; and injection volume, 10uL.
Details of mobile phase A, mobile phase B, gradients and flow rate for each compound
are given in table 9. Genistein, kaempferol and their respective conjugates were analyzed
at 254 nm, whereas naringenin, phloretin and their respective conjugates were analyzed at
286 nm. Apigenin and its conjugates were analyzed at 340 nm. Linearity was established
in the range of 0.781-50 uM (total 8 concentrations) for all compounds. The LLOQ for all
compounds was 0.39 uM for all compounds. Analytical methods for each compound
were validated for inter-day and intra-day variation using 6 samples at three
concentrations (20, 5 and 1.56 uM). Precision and accuracy for all compounds were in

acceptable range of 85% to 115%.

7.3.10. Quantification of glucuronides and sulfates of flavonoids

The quantification of glucuronides and sulfates was done using the standard curve of the
parent compound with a correction factor for difference in extinction coefficient of the
compound and its metabolites. The correction factor was measured using the method as

explained in section 3.5 and 3.6 (Chapter 3).
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Table 9 UPLC conditions for analyzing flavonoids and their respective conjugates.

Gradient
Compounds Mobile phase A Mobile phase B Condition
100% aqueous buffer
Apigenin (2.5mM NH4Ac, pH 4.5) 100% Acetonitrile Condition 1
100% aqueous buffer 100% Acetonitrile
Genistein (2.5mM NH4ACc, pH 7.4) Condition 1
Aqueous buffer Acetonitrile : H,O
(0.06%CsH15N and 0.045% (90:10)
CH,0,, pH 3.0): Acetonitrile
Phloretin (90:10) Condition 2
Aqueous buffer Acetonitrile : H,O
(0.06%CgH15N and 0.045% (90:10)
CH,0,, pH 3.0): Acetonitrile
Naringenin (90:10) Condition 2
Kaempferol 0.2% Formic acid 100% Methanol Condition 3

Condition 1: 0 to 2min, 10-20% B, 2 to 3 min, 20-70%B, 3 to 3.5 min, 70%B, 3.5 to 4.0
min, 70-90% B, 4.0 to 4.5 min, 90-10% B, and 4.5 to 5.0 min, 10% B; flow rate = 0.45
mil/min.

Condition 2: 0 to 0.3 min, 0% B, flow rate = 1ml/min, 0.3 to 1.80, 0-50% B, flow rate =
0.925 ml/min, 1.80 to 2.10, 50-100% B, flow rate = 0.925ml/min, 2.10 to 2.40, 100% B,
flow rate = 0.925, 2.40 to 2.50, 100%-0% B, flow rate = 1ml/min.

Condition 3: 0 to 2min, 10-20% B, 2 to 3 min, 20-40%B, 3 to 3.5 min, 40-50%B, 3.5 to
4.0 min, 50-70% B, 4.0 to 5.0 min, 70-90% B, 5.0 to 5.5 min, 90-10% B, and 5.5 to 6.0
min, 10% B, flow rate = 0.45 ml/min.
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We have observed that for a particular compound and its glucuronides at various
positions, correction factor for each glucuronide was dependent on the extent of shift in
the UV spectrum of the glucuronide from the UV spectrum of aglycone at a given
wavelength. It was also observed that conjugation of aglycone with glucuronic acid and
sulfate at the same position might or might not produce a similar Amax Shift. The spectra of
glucuronide and sulfate in most cases were almost overlapping (Figure 27). Based on this
observation, we assumed that the correction factor for a glucuronide and sulfate
conjugated at the same position should be similar within experimental error. Hence,
correction factor of glucuronide at a particular position was used for calculation of

concentration of sulfate at the same position.

7.3.11. Confirmation of flavonoids conjugates structure by LC-MS/MS

Five flavonoids and their respective glucuronides and sulfates were separated by the same
UPLC system but using slightly different chromatographic conditions because of mass
spectrometer requirements. Here, mobile phase A was ammonium acetate buffer (pH 7.5)
and mobile phase B was 100% acetonitrile with the gradient as follows: 0-2.0 min, 10—
35% B, 2.0-3.0 min, 35-70% B, 3.2-3.5 min, 70-10% B, 3.5-3.7 min, 10% B. The flow
rate was 0.5 mL/min. The effluent was introduced into an APl 3200 Qtrap triple-
quadrupole mass spectrometer (Applied Biosystem/MDS SCIEX, Foster City, CA)

equipped with a TurbolonSpray ™ source.
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Table 10 UPLC/MS/MS optimized ion source/compound parameters for precursor
ion scan

Parameters Flavonoids

Apigenin | Genistein | Naringenin | Kaempferol | Phloretin
lon Mode Negative | Negative Negative Negative Negative
DP -55 -55 -40 -85 -40
EP -5 -2 -1.5 -3 -6.5
CEP -20 -24 -18 -18 -18
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The mass spectrometer was operated in negative ion mode to perform the analysis of five
flavonoids and their conjugates. The main working parameters for the mass spectrometers
were set as follows: ion source temperature, 600°C; nebulizer gas (gasl), nitrogen, 40
psi; turbo gas (gas2), nitrogen, 40 psi; curtain gas, nitrogen, 20 psi; CE, -30V; CXP, -3V
and IS -4.5KV. Minor adjustments in DP, EP and CEP were then made for each
flavonoid. The working parameters for the mass spectrometers and compound-specific
MS conditions are given in table 10. The mass of each individual peak of separated
glucuronides was measured using QSMS mode. In MS2 scan, precursor ion mode was
used to confirm the identity of each peak as glucuronide, in which Q3 was held to
measure the occurrence of the aglycone fragment ion and Q1 is scanned for the

glucuronide(s) ions that result in the corresponding aglycone ion.*?® **°

The donor and receiver media in Caco-2 transport study at end of the experiments were
pooled. These conjugates were extracted by solid phase extraction from these samples
and re-constituted in small amount of 30% acetonitrile in water. The concentrated

samples were then used to identify the glucuronides and sulfates in UPLC/MS/MS.

7.3.12. Identification of position of glucuronidation and sulfation in the structure of

apigenin and kaempferol by UV shift method

The sites of glucuronic acid substitutions in flavones and flavonols were established

based on the online UV spectral shift method, optimized and validated in our lab based
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on the published literature.*™* 2 Briefly, substitution of a single hydroxyl group by
glucuronic acid in the structure of flavones or flavonols at a specific position would result
in diagnostic shifts or no shift in Anax Of Band 1 (300-380 nm) and/or Band Il (240-280
nm) in the UV spectrum of the resulting glucuronide as compared to the UV spectrum of
parent compound. Based on these differentiating diagnostic shifts for each position of
glucuronidation, structure of a glucuronide can be estimated. The details of the method

and its validation can be found in Singh et al. (2010)."

We observed that the glucuronidation and sulfation at same position might or might not
produce the similar shit in Anax. Therefore, in order to identify the position of sulfation,
first the rule of elimination was used, for example C-3 position was not favored for
sulfation based on published reports. Second, comparison of sulfate spectrum with the
available glucuronide(s) spectra of the same flavonoid helped to estimate the position of
sulfation. Hence, the position of sulfation was identified based on which glucuronide
spectra the sulfation spectrum matched best. UV peak of apigenin, kaempferol and their
corresponding mono-O-glucuronides and mono-O-sulfate found in Caco-2 cell lysate and
transport experiments were compared to study the peak shift and determining the position

of glucuronidation and sulfation.
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7.3.13. Data analysis

Rate of conjugate excretion of selected flavonoids was determined as the slope of first

two detectable points in the linear region of amounts excreted versus time plots.

7.3.14. Statistical analysis

One-way ANOVA or an unpaired Student’s t-test (GraphPad Prism®, GraphPad software
Inc., CA) with or without Tukey-Kramer multiple comparison (posthoc) tests was used to
analyze the statistical significance among various data. The prior level of significance

was set at 5%, or p<0.05.
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7.4. Results

7.4.1. Confirmation of flavonoid conjugate structure by LC-MS/MS

We conducted simple LC-MS/MS studies of the metabolites to show that all glucuronides
and sulfates formed during the transport study were mono-O-glucuronides and mono-O-
sulfates (Figures Al1l-A3, Appendix A). Genistein and naringenin formed only one
quantifiable mono-O-glucuronide (Figures Alb and Ald, Appendix A), while apigenin
formed two quantifiable mono-O-glucuronides (Figures A2a-A2b, Appendix A).
Phloretin and (Figures A3b-A3c, Appendix A) kaempferol (Figures Ada-A4c, Appendix
A) formed three quantifiable mono-O-glucuronides each. Due to the closely eluting peaks
of the three glucuronides of phloretin, we were only able to clearly identify two of the
glucuronides (Figures A3b-A3c, Appendix A). We believe the peak of third mono-O-
glucuronide had got merged with one of the other two mono-O-glucuronides, making it
undetectable, as MS could not differentiate between two overlapping mono-O-
glucuronides. Also, the second mono-O-glucuronides of genistein and naringenin were

detectable in concentrated samples in UPLC/MS/MS.

We did not find any di-O-glucuronide and di-O-sulfates of flavonoids in this study. One
mono-O-sulfate conjugate was detected for each genistein (Figure Ala, Appendix A),
apigenin (Figure A2c, Appendix A), naringenin (Figure Alc, Appendix A), phloretin
(Figure A3a, Appendix A), and kaempferol (Figure A4d, Appendix A). Sulfate of

genistein and second glucuronides of genistein, naringenin were recognized in the
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concentrated samples in the UPLC/MS/MS but were below the limit of detection or

quantification of UPLC, when experimental samples were analyzed.

7.4.2. Position of conjugates in the structure of apigenin and kaempferol by UV shift

method

We determined the position of glucuronidation of apigenin and kaempferol based on the
diagnostic shift in Amax Of Band | and Band Il of UV spectra of glucuronides (Figure 27).
Position of sulfation of flavonols was determined by the rule of elimination and
comparing the spectra of sulfates with the glucuronides. Table B1 (Appendix B) showed
the Amax of Band I and II of flavonols and their conjugates and shift in Anax Of Band | and

Band Il of the conjugates as compared to their corresponding aglycone.

The position of conjugation of first glucuronide, second glucuronide and sulfate of
apigenin were 7-O-G, 4’-O-G, and 7-O-S, respectively (Figure 27). Whereas, in case of
kaempferol, the position of conjugation of first, second and third glucuronides and sulfate

of kaempferol were 7-O-G, 4’-O-G, 3-O-G and 7-O-S, respectively (Figure 27).

7.4.3. Determination of correction factor of conjugates of flavonoids

Amounts of conjugates formed were determined using the corrections factors for

individual glucuronides of flavonols as described in the method section.
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Figure 27. UPLC chromatograms and UV spectra of apigenin, kaempferol and their
respective glucuronides and sulfates in Caco-2 cell transport study samples
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UGT isoforms and wavelength used in generation of correction factor and the correction
factor for each glucuronides are detailed in Table C1 (Appendix C). The correction
factors were in the range of 0.87 (for 7-O-G of kaempferol) to 1.67 (for Glu2 of
phloretin). Correction factors of sulfates of flavonols were not determined
experimentally. Based on the comparative UV spectra of sulfate and glucuronide of a
flavonol conjugated at the same position, correction factors of sulfates conjugated at a
particular position was assumed to be similar to the corresponding glucuronide. Although
this assumption was confirmed in the case of genistein (not shown), it may need to be

validated with appropriate experiments in the future.

7.4.4. Formation rates of glucuronides of flavonoids in Caco-2 cell lysate

We incubated 10uM of each flavonoid with Caco2 Cell lysate (final protein
concentration ~0.1 mg/ml) for 2 hours and measured the concentration of glucuronide(s)
generated. Formation rate of each glucuronide was calculated as concentration of
glucuronide formed per unit time. The rate of formation of total glucuronides of a
flavonoid was calculated as the sum of rates of formation of all glucuronides of that
flavonoid. The rates of formation of total glucuronides of flavonoids followed the
following rank order: phloretin (22.72 + 0.77) > apigenin (19.16 £+ 0.92) > kaempferol
(13.74 = 0.25) ~ naringenin (12.13 = 0.27) > genistein (5.47 £ 0.18 nmol/hr/mg of

protein) (Figure 28).
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Figure 28. Formation and excretion of glucuronides of five flavonoids in Caco-2
cells.

Formation rates of glucuronides of flavonoids, apigenin (Api), genistein (Gen),
naringenin (Nar), phloretin (Phlor) and kaempferol (Kamp) were measured using Caco-2
cell lysate (protein concentration ~0.1 mg/ml) at 10 M substrate concentration incubated
for 2 hrs at 37°C. Rates of excretion of total glucuronides on AP and BL side during AP
(pH =7.4) to BL (pH =7.4) transport of flavonoids (at 10 puM concentration) in the Caco-
2 cell monolayer at 37°C (B) were calculated as the slope of amount of glucuronides
excreted vs time profile in Figures Fla-F1b and F2a-F2c (Appendix F), using only the
first two data points of each profile, i.e., 0.5 and 1 hr for kaempferol; 1 and 1.5 hrs for
apigenin; and 1 and 2 hr for other flavonoids. Rates of excretion for each flavonoid were
normalized to the corresponding protein concentration of experimental monolayer of each
flavonoid. Each bar is the average of three determinations, and the error bars are the
standard deviations of the mean (n=3). * on the top of each bar represents that the
excretion rates of total (AP+BL) glucuronides compound was significantly different from
the formation rates of their glucuronides (p<0.05).
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The formation rates of total glucuronides of naringenin and kaempferol were not
significantly different from each other (p <0.05 Figure 28). Apart from this, all other
flavonoid showed significant difference among their rates of formation of glucuronides
(p<0.05, Figure 28). Phloretin which is a chalcone with open ring (Figure 1, pg 5)
showed the maximum glucuronidation whereas genistein, an isoflavones with phenyl side
chain at position C-3 (Figure 1, pg 5) showed the minimum glucuronidation in Caco-2
cells. Addition of a free hydroxyl group at C-3 as in flavonols (kaempferol) or saturation
of double bond C2-C3 as in flavonones (naringenin) seemed to similarly reduce the

glucuronidation as compared to flavones (apigenin) by UGTs present in Caco-2 cells.

7.4.5. Excretion of total glucuronides of flavonoids in intact Caco-2 cell monolayer

We loaded 10 uM of the five selected flavonoids solution in pH 7.4 HBSS buffer on the
apical side of the Caco-2 cell monolayer. During the course of transport of the flavonoids
from AP to BL side, glucuronides were excreted to both sides of the cell monolayer, and
the amounts of glucuronides of a flavonoid excreted were measured. The amounts of total
glucuronides (i.e. sum of amounts of all glucuronides of a flavonoid) excreted increased
linearly as a function of time up to 1 hour for kaempferol; 1.5 hours for apigenin and up

to 2 hour for genistein, naringenin and phloretin (Figures Fla-F1b, Appendix F).
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Figure 29. Excretion of total glucuronides in Caco-2 cell monolayer.

Rates of excretion of total glucuronides on AP and BL side during AP (pH =7.4) to BL
(pH =7.4) transport of flavonoids (at 10 puM concentration) in the Caco-2 cell monolayer
at 37°C were calculated as the slope of amount of glucuronides excreted vs time profile in
Figures Fla-F1b and F2a-F2c (Appendix F), using only the first two data points of each
profile, i.e., 0.5 and 1 hr for kaempferol; 1 and 1.5 hrs for apigenin; and 1 and 2 hr for
other flavonoids. Each bar is the average of three determinations, and the error bars are
the standard deviations of the mean (n=3). * on the side of each bar represents the
significant difference between, AP and BL excretion of total glucuronides of each
flavonoid (p<0.05). # on the top of each bar represents that the excretion rates of total
(AP+BL) glucuronides of the compound was significantly different from the excretion
rates of total glucuronides of all other compounds, respectively (p<0.05). Since most bars
showed significant difference to the other bars, ones with no significant difference (not
significant, ns) were shown on the top (p<0.05) to make graphs easily readable.
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The rates of excretion of total glucuronides of flavonoids to AP and BL sides were
calculated as the slope of amount of glucuronides excreted vs time profile, using only the
first two data points of each profile, i.e., 0.5 and 1 for kaempferol; 1 and 1.5 for apigenin;
and 1 and 2 hrs for genistein, naringenin and phloretin. We choose only the first two data
points, as in most cases, they fell in the linear portion of the curve (Figures Fla-F1b and
F2a-F2c, Appendix F). The rates of excretion of all glucuronides of a flavonoid were
normalized against the corresponding protein concentration of the Caco-2 cells
monolayers used in its transport and rates of excretion were reported as nmol/hr/mg of

protein.

The rates of formation of glucuronides of genistein, apigenin and phloretin were
significantly different from their corresponding total (AP+BL) rates of excretion of
glucuronides (p<0.05) (Figure 28). Whereas, there was no significant difference between
the rates of formation of glucuronides of naringenin and kaempferol and their

corresponding total (AP+BL) rates of excretion of glucuronides (p<0.05) (Figure 28).

The rates of excretion of total glucuronides of flavonoids followed the following rank
order: kaempferol (13.35 £ 1.06) > naringenin (11.67 = 0.61) > phloretin (9.20 £ 0.74) >
apigenin (8.87 + 0.55) > genistein (2.03 + 0.22) nmol/hr/mg of protein (Figure 29), which
indicated that across different sub-class of flavonoids, the glucuronides of compound

with a free hydroxyl group at C-3 position was excreted fastest, whereas the glucuronides
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of compound with a phenyl side chain at C-3 position was excreted slowest in the Caco-2

cell monolayer (p<0.05) (Figure 29).

Rates of excretion of glucuronides of most flavonoids were comparable, except for the
glucuronides of genistein which excreted about 4-6 times slower than the total
glucuronides of other flavonoids (p <0.05) (Figure 29). The rates of excretion of total
glucuronides of apigenin and phloretin; and naringenin and kaempferol were not
significantly different from each other (p <0.05) (Figure 29). Apart from these two pairs,
the excretion rates of total glucuronides of all flavonoids showed significant difference

among each other (p <0.05) (Figure 29).

Total glucuronides of all flavonoids showed preferential BL excretion, except for
phloretin which showed similar excretion on both sides (p<0.05) (Figure 29). Since, BL
to AP ratios of excretion for genistein, apigenin, naringenin, phloretin and kaempferol
ranged from 2.21, 1.38, 2.68, 1.17 and 1.89, it was concluded that the efflux
transporter(s) responsible for excretion of flavonoid glucuronides were expressed more

on BL than on AP membrane of Caco-2 cells (Figure 29).

7.4.6. Correlation of formation and excretion rates of glucuronides of flavonoids

We tried to correlate formation rates of total glucuronides of flavonoids to their
corresponding total (AP+BL) excretion rates (Figure 28), but we found very poor

correlation (r* = 0.22) (plots not shown here).
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Figure 30. Excretion of sulfates in Caco-2 cell monolayer.

Rates of excretion of sulfates on AP and BL side during AP (pH =7.4) to BL (pH =7.4)
transport of flavonoids (at 10 uM concentration) in the Caco-2 cell monolayer at 37°C
were calculated as the slope of amount of sulfate excreted vs time profile in Figures Flc-
F1d (Appendix F), using only the first two data points of each profile, i.e., 0.5 and 1 hr
for kaempferol; 1 and 1.5 hrs for apigenin; and 1 and 2 hr for other flavonoids. Each bar
is the average of three determinations, and the error bars are the standard deviations of
the mean (n=3). * on the side of each bar represents the significant difference between,
AP and BL excretion of sulfate of each flavonoid (p<0.05). # on the top of each bar
represents that the excretion rates of total (AP+BL) sulfate of the compound was
significantly different from the excretion rates of sulfate of all other compounds,
respectively (p<0.05). Since most bars showed significant difference to the other bars,
ones with no significant difference (not significant, ns) were shown on the top (p<0.05) to
make graphs easily readable.
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There was no correlation what-so-ever between the rates of formation and rates of

excretion of glucuronides of flavonoids.

7.4.7. Excretion of sulfates of flavonoids in intact Caco-2 cell monolayer

We also measured the amount of sulfates of a flavonoid excreted on both AP and BL
sides during AP to BL transport of flavonoid (at 10 pM substrate concentration) in Caco-
2 cell monolayer (Figure 30). The amounts of sulfate excreted increased linearly as a
function of time up to 1 hour for kaempferol; 1.5 hours for apigenin and up to 2 hour for

genistein, naringenin and phloretin (Figures Flc-F1d, Appendix F).

The rates of excretion of flavonoids sulfate to AP and BL sides were calculated as the
slope of amount of sulfate excreted vs time profile, using only the first two data points of
each profile, i.e., 0.5 and 1 for kaempferol; 1 and 1.5 for apigenin; and 1 and 2 hrs for
genistein, naringenin and phloretin (Figures Flc-F1d, Appendix F). We chose only the
first two data points due to same reasoning as explained in section 6.4.5 for glucuronides.
The rates of excretion of sulfate of a flavonoid were normalized against the
corresponding protein concentration of the Caco-2 cells monolayers used in its transport

and rates of excretion were reported as nmol/hr/mg of protein.

The rates of excretion of sulfates of flavonoids followed the following rank order:
apigenin (16.43 + 0.45) > kaempferol (8.03 + 0.25) > naringenin (2.87 + 0.12) > phloretin

(0.87 £ 0.04) nmol/hr/mg of protein. Genistein did not form quantifiable amount of
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sulfate during the Caco-2 transport study. The excretion rates of sulfates of all flavonoids

were significantly different from each other (p <0.05) (Figure 30).

Addition of a free hydroxyl group at C-3 position (kaempferol) in the structure of flavone
(apigenin) (Figure 1, pg 5) reduced the rates of sulfate excretion about two-folds (p<0.05)
(Figure 30). On the other hand, saturation of the double bond between C-2 and C-3
(naringenin) in the structure of flavone (Figure 1, pg 5), reduced the rates of sulfate
excretion about five-folds (p<0.05). Also, genistein with a phenyl side chain at C-3
position and phloretin with an open ring structure (Figure 1, pg 5) showed the very poor

excretion of sulfate in the Caco-2 cell monolayer (p<0.05) (Figure 30).

This indicated that across different sub-class of flavonoids, in contrast to glucuronidation,
the sulfation of compound was significantly affected by the change in back-bone.
However, whether this is due to the difference in the rate of formation or the rates of
excretion of sulfates of flavonoids needs to be investigated. Sulfates of all flavonoids
showed preferential BL excretion at 101uM substrate concentration, except for kaempferol

which showed similar excretion on both sides (p<0.05) (Figure 30).

7.4.8. Excretion of total conjugates of flavonoids in intact Caco-2 cell monolayer

All flavonoids showed higher total glucuronides than sulfate excretion, except apigenin

(p<0.05) (Figure 31).
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Figure 31. Excretion of total conjugates of flavonoids in Caco-2 cell monolayer.
Rates of excretion of total (AP+BL) glucuronides and total (AP+BL) sulfates during AP
(pH =7.4) to BL (pH =7.4) transport of flavonoids (at 10 uM concentration) in the Caco-
2 cell monolayer at 37°C were calculated as the slope of amount of total glucuronide and
sulfate excreted vs time profile in Figures Fla-F1d (Appendix F) respectively, using only
the first two data points of each profile, i.e., 0.5 and 1 hr for kaempferol; 1 and 1.5 hrs for
apigenin; and 1 and 2 hr for other flavonoids. Each bar is the average of three
determinations, and the error bars are the standard deviations of the mean (n=3). * on the
side of each bar represents the significant difference between the excretion of
glucuronides and sulfate of each flavonoid (p<0.05). # on the top of each bar represents
that the excretion rates of total (glucuronide + sulfate) conjugate of the compound was
significantly different from the excretion rates of total (glucuronide + sulfate) conjugate
of all other compounds, respectively (p<0.05).
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In the disposition of apigenin and kaempferol in Caco-2 cells, sulfation was equally
important as glucuronidation, whereas sulfation played comparatively minor role in the
disposition of naringenin, phloretin and genistein in Caco-2 cells. The ratio of

glucuronidation to sulfation ranged from 10.62 (for phloretin) to 0.54 (for apigenin).

The rank order of rates of total conjugates excretion was apigenin (25.30 £ 0.50) >
kaempferol (21.38 + 0.77) > naringenin (14.53 = 0.44) > phloretin (10.07 + 0.52) >
genistein (2.03 + 0.22) nmol/mg/mg of protein. All flavonoids showed significant
difference among their total (glucuronides plus sulfates) conjugates excretion rates
(p<0.05) (Figure 31). This suggested that difference in sulfation rather than
glucuronidation might be responsible for the difference in overall metabolism and in turn

bioavailability of compounds from different sub-classes.
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7.5. Discussion

We concluded that the excretion of flavonoids glucuronides in Caco-2 cells was usually
independent of changes in back-bone among flavonoid sub-classes except for
isoflavones, whereas the excretion of flavonoids sulfates changed drastically with the
change in flavonoid back-bone. This is supported by the fact that the rates of excretion of
flavonoids glucuronides in Caco-2 cell monolayer were comparable (ranging from 8.87 +
0.55 to 13.35 + 1.06 nmol/hr/mg of protein) (Figure 29) for the compounds from four
sub-classes (except isoflavone). On the other hand, there were about ~20 fold difference
in rates of excretion rates with respect to their sulfates (ranging from 0.87 + 0.04 to 16.35

+ 0.45 nmol/hr/mg of protein) (Figure 30).

The isoflavones sub-class differs from other four sub-classes in that the position of
phenyl side (ring) chain is at C-3 position instead of at C-2 position (Figure 1, pg 5). This
strongly suggests that the position of phenyl side chain at C-2 favors the glucuronidation
of flavonoids versus position of phenyl side chain at C-3. This is also supported by the
published report of Murota et al. (2002) which compared the cellular metabolism of
isoflavones (genistein), flavones (luteolin, apigenin) and flavonols (quercetin,
kaempferol) during apical to basolateral transport in Caco-2 cells and showed that only
genistein aglycone was transported intact to the basolateral solution.'”® Whereas, the

comparison of flavones and flavonol with same number and position of hydroxyl groups
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in their chemical structure, i.e. kaempferol and apigenin, and quercetin and luteolin,
showed that there were no significant difference in the metabolism and transport of

aglycones from those two different sub-classes.'”

The rates of formation and excretion of glucuronides in Caco-2 cells were poorly
correlated (r* ~ 0.2). The rates of formation of glucuronides of genistein, apigenin, and
phloretin were significantly higher than their corresponding rate of excretion in Caco-2
cells, whereas naringenin and kaempferol showed similar rates of formation and
excretion of glucuronides (p< 0.05) (Figure 28). This indicated that for certain sub-
classes of flavonoids (flavonone and flavonol), the rates of excretion of glucuronides
might be rate-limited by their formation rates, whereas for other sub-classes (flavones,
isoflavones and chalcone), the rates of excretion of glucuronides might be rate-limited by

the excretion of glucuronides by efflux transporters.

The difference in rates of sulfate excretion could be supported by the published literature
on the Caco-2 expression of SULT isoforms and the rate of sulfation of various
flavonoids.*® 18" 18 According to published reports, expression levels of SULT 1A3 in
Caco-2/TC-7 cells was highest, followed by 2A1 (430). SULT1A1, 1A2 and 1E1 had
poor but similar expression levels.*?® Also, Harris et al. (2004) showed that at substrate
concentration of 10uM, rates of sulfation of genistein, apigenin, naringenin and

kaempferol by platelet cytosolic SULT (SULT1AL:SULT1AS, 1:2) were 2.8 + 0.16, 52.4
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+ 0.02, 28.8 + 0.65 and 30.9 = 0.25 pmol/min/mg protein, respectively. Phloretin

sulfation rates were not published in that study.'®’

The rank order of reported rates of sulfation completely matched with the rank order of
sulfate excretion shown in our study. Though the rates of sulfation of kaempferol and
naringenin were similar,®” we observed about 3-folds difference in the rates of sulfate
excretion (kaempferol > naringenin) (Figure 30), which might be due to the fact that

flavonol sulfate was a better substrate of efflux transporters than flavanones sulfate.

The fact that isoflavones are less conjugated as compared to other flavonoids (Figure 31)
leads to suggestion that their aglycone forms might be more bioavailable as compared to
other flavonoids. This could also be supported by the published reports on the
bioavailability of aglycones from different sub-classes of flavonoids. The bioavailability
of genistein aglycone was reported low after a single dose of 50 mg of genistein, 3.7 +
1.1% in the first 2 h and 1.6 + 0.1% once steady state had been established.*’ Gugler et al.
(1975) showed that no unchanged quercetin (a flavonol) was found when 4 gm and 100
mg doses were administered oral and intravenously respectively in human.'® The
bioavailability of chrysin (a flavone) aglycone in human was reported as 0.003-0.02% at
an oral dose of 400 mg.'*® However, reported bioavailability of flavanones aglycones,
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naringenin (~3%) and hesperetin (~5%) in human subjects™" were similar to genistein.
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All flavonoids glucuronides except phloretin was preferably excreted on basolateral side
(Figure 29), which is also supported by the published literature on the preferable
basolateral excretion of glucuronides of genistein,” apigenin,® and kaempferol'®.

Apigenin'® and kaempferol'*

sulfates have been reported to prefer apical excretion.
However, in our study we found that sulfates of apigenin and other flavonoids were
excreted preferably on basolateral side and kaempferol did not show any apical or
basolateral preference (Figure 30). We think that this discrepancy in the polarized
excretion of apigenin and kaempferol sulfate is most probably due to the lower substrate

concentration used in our study, which did not produce enough sulfates to saturate the

high affinity transporters of sulfates on basolateral side.

In conclusion, the excretion of flavonoids glucuronides in Caco-2 cells is limited by
efflux transporters or UGT activities, depending on their structures. Change in flavonoid
backbone structures affects the excretion of their sulfates more than the excretion of their
glucuronides, which were usually much less sensitive although isoflavone glucuronide

excretion was drastically reduced.
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EXCRETION OF FLAVONOL GLUCURONIDES IN CACO-2 CELLS IS
MAINLY DRIVEN BY THE FORMATION RATES RATHER THAN LIMITED
BY THE EFFLUX TRANSPORTERS

8.1. Abstract

The objective of this study was to determine the disposition of flavonols in Caco-2 cell
culture model via glucuronidation, using six congeneric flavonols with different numbers
and positions of hydroxyl groups. The excretion rates of glucuronides were measured at
both apical and basolateral (BL) sides using selected flavonols at 10uM concentration.
We showed that the rates of formation of regiospecific glucuronides of the selected
flavonols in Caco-2 cell lysate correlated very well (slope = 0.89, r* ~ 0.9) with the
corresponding rates of total (AP+BL) excretion of these glucuronides in the intact Caco-2
cell monolayer. Hence, the formation rates of glucuronides in Caco-2 cell lysate could
reasonably be used for predicting the major position(s) of glucuronidation and rates of
regiospecific glucuronidation of a new flavonol. The total glucuronides as well as most
regiospecific glucuronides for all the selected flavonols were excreted more to the BL
side than to the apical side, with 3-O-G showing more BL preference than glucuronide(s)
at other -OH position of same compound. In conclusion, the excretion of flavonol
glucuronides in Caco-2 cells is generally driven by formation rates, and not rate-limited
by efflux transporters, which can be mainly attributed to the favorable basolateral efflux

of flavonol glucuronides, especially 3-O-G.
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8.2. Introduction

Flavonoids are polyphenolic compounds occurring naturally in plant products such as
fruits, vegetables and soybeans. They have been shown to posses various health
promoting benefits such as anti-aging, cancer chemoprevention and protection against
cardiovascular diseases. Flavonoids are benzo-pyrone derivatives consisting of phenolic
and pyrane rings (Figure 1, pg 5), and are classified according to the degree of oxidation
or substitution pattern of their central pyran ring. In and among different sub-classes of
flavonoids, compounds usually differ in number and position of hydroxy, methoxy and
methyl groups. Over 4000 natural flavonoid compounds have been purified and

structurally identified.*®

Based on their backbone structures, flavonoids can be categorized into seven major sub-
classes found in foods, namely, flavones, isoflavones, flavonols, flavanones, flavanols,

chalcone and anthocyanidins (Figure 1, pg 5).** 2

Flavonols constitutes the major
percentage of the estimated dietary intake of flavonoids in United States population.'*®
Good sources of flavonols in the diet are onion, kale, broccoli, lettuce, tomato, apple,
grape, berries, tea, and red wine. The major dietary flavonols are fistein, quercetin,
kaempferol, myricetin and isorhamnetin.*** Figure 1 (pg 5) shows the basic structure of
flavonol sub-class where a hydroxyl (~OH) group is present at C-3 position on the

flavonoid scaffold.'* 1* %
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Despite the above-mentioned beneficial properties, it is challenging to develop flavonoids
as viable chemopreventive agents due to their poor bioavailability in vivo (< 5%).5® The
main reason for the poor biaovailabilities of has been attributed to extensive in vivo
metabolism by uridine-5'-diphospho-glucuronyltransferase enzymes (UGTs) and
sulfotransferases (SULTSs).'> ' % UGTs are fairly well-expressed in intestinal epithelial
cells and hepatocytes which are the first-pass organs for metabolism by the oral drug
delivery. Hence, it is important to study the disposition of flavonoids that might help to
identify the candidates with low potential for UGT metabolism in intestinal cells, which

could benefit their development of flavonoids into chemopreventive agents.

Research published from various laboratories including ours has shown that metabolism
and disposition of various flavonoids in the intestine is affected by the structure of the
compounds. Chen et al. (2005) showed that the total uptake of isoflavones and polarized
as well as total excretion of their metabolites were dependent on structure of isoflavones.
They also showed that the glucuronidation was favored for isoflavones with hydroxyl
group at position C-7.%° Wang et al. (2006) also supported this observation, and showed
that prunetin, an isoflavone with a methoxy group at C-7 had the slowest metabolism and
disposition in rat intestinal perfusion model as compared to other analogs with 7-OH

group.™

Wen and Walle (2006) using Caco-2 cell culture model showed that the unmethylated

polyphenols such as apigenin and chrysin showed 5-8 times lower absorption than
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corresponding methylated phenols. The study suggested that the structure determine the
metabolic stability and hence the intestinal absorption of flavones.*®® But the compounds
used in that study were either unmethylated or fully methylated, so it did not provide any
information about if the methylation of one hydroxyl group position was more useful in

increasing the metabolic stability than others.

The Caco-2 cell culture model is an FDA (Food and Drug Administration) recognized
model for determining the absorption of drugs. In silico prediction models (developed
using the data of drug transport and permeability in Caco-2 cell) that can successfully
predict the fate of drug absorption in human intestine, have been extensively published
and used in pharmaceutical industry.*®% But there are only occasional reports published
for describing the structure-metabolism relationship (SMR) or predicting the fate of drug

metabolism and excretion in human intestine using Caco-2 cell model.® 13 1%

The objective of present study was to systematically determine the effect of structural
changes on the disposition of flavonols in the Caco-2 cells via glucuronidation. Another
objective of the study was to determine if there exists a correlation between the formation
and excretion rates of flavonoids glucuronides in Caco-2 cells. We also planned to
investigate any correlation that might exist and may be used to predict the metabolic
outcome of drugs in Caco-2 cells, which might further be used to predict the disposition

of drugs in human intestine.
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We studied the effect of structural changes on the excretion of conjugates of selected
compounds during apical to basolateral transport of compounds in Caco-2 cell
monolayers. We used six congeneric compounds of flavonol subclass, 3-hydroxyflavone
(3HF), 3,4’-dihydroxyflavone (3,4’DHF), 3,7-dihydroxyflavone (3,7DHF), 3,7,4’-
trihydroxyflavone (3,7,4’THF), 3,5,7-trihydroxyflavone (3,5,7THF) and 3,5,7,4’-
tetrahydroxyflavone (3,5,7,4’QHF) (Figure 4, pg 65), to systematically study how the
addition of one or more —OH group at different positions in the structure affects the
region-specific conjugation of flavonols, rates of metabolism of flavonols and excretion

of their conjugates in the Caco-2 cells.
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8.3. Materials and Methods

8.3.1. Materials

Cloned Caco-2 cells, TC-7, were a kind gift from Dr. Moniqué Rousset of INSERM
U178 (Villejuit, France). 3HF, 3,4’DHF, 3,7DHF, 3,7,4’THF (or resokaempferol),
3,5,7THF (or galangin), and 3,5,7,4’QHF (or kaempferol) were purchased from Indofine
Chemicals (Somerville, NJ). Recombinant human UGT isoforms (commercially known
as “supersomes”) were purchased from Biosciences (Woburn, MA). Uridine
diphosphoglucuronic acid (UDPGA), B-Glucuronidase, alamethicin, D-saccharic-1,4-
lactone monohydrate, magnesium chloride, and Hanks’ balanced salt solution (powder
form) were purchased from Sigma-Aldrich (St Louis, MO). All other materials (typically

analytical grade or better) were used as received.

8.3.2. Solubility and stability of the tested flavonoids

Solubility and stability (with or without 0.1% vitamin C) of the tested flavonoids were
established at the experimental conditions as per the method explained in section 3.1

(Chapter 3).

8.3.3. Transport experiments in the Caco-2 cell culture model

The culture conditions for growing Caco-2 cells and transport experiment protocols were

same as described in sections 7.3.3 and 7.3.4, respectively (Chapter 7). A 100 pl of
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acetonitrile: acetic acid (94:6) containing 50 uM of testosterone (for 3,4’DHF,
3,7,4'THF, and 3,5,7,4°QHF) or formononetin (for 3HF and 3,5,7THF) or 5SHF (for

3,7DHF) was added to each sample as internal standard and preservative.

8.3.4. Preparation of Caco-2 cell lysate for glucuronidation studies and measuring
microsomal protein concentrations and the cellular concentrations of flavonols and

their conjugates in monolayers

Cell lysates preparations were same as described in sections 7.3.5 and 7.3.6, respectively

(Chapter 7).

8.3.5. Measurement of protein concentration and glucuronidation activities of cell

lysate

Protein concentrations and glucuronidation activities of cell lysates were measured as per
the method described in sections 7.3.7 and 7.3.8, respectively (Chapter 7). The
glucuronidation reaction was stopped by the addition of 50uL of 94% acetonitrile/6%
glacial acetic acid containing 50 pM testosterone (for 3,4’DHF, 3,7,4’THF, and
3,5,7,4°QHF) or formononetin (for 3HF and 3,5,7THF) or SHF (for 3,7DHF) as the

internal standard.
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Table 11 UPLC condition for analyzing flavonols and their respective conjugates.

Compounds Mobile phase A Mobile phase B | Gradient Condition
100% aqueous buffer

3HF (2.5mM NH4Ac, pH 7.4) | 100% Methanol Condition 1
100% aqueous buffer | 100% Acetonitrile

3,4'DHF (2.5mM NH4ACc, pH 4.5) Condition 2
100% aqueous buffer | 100% Acetonitrile

3,7DHF (2.5mM NH4Ac, pH 3) Condition 2
100% aqueous buffer | 100% Acetonitrile

3,7,4'THF (2.5mM NH,Ac, pH 4.5) Condition 2
100% aqueous buffer

3,5, 7THF (2.5mM NH,Ac, pH 4.5) | 100% Acetonitrile Condition 2

3,5,7,4'QHF 0.2% Formic acid 100% Acetonitrile Condition 1

Condition 1: 0 to 2min, 10-20% B, 2 to 3 min, 20—-40%B, 3 to 3.5 min, 40-50%B, 3.5 to
4.0 min, 50-70% B, 4.0 to 5.0 min, 70-90% B, 5.0 to 5.5 min, 90-10% B, and 5.5 t0 6.0

min, 10% B.

Condition 2: 0 to 2min, 10-20% B, 2 to 3 min, 20—70%B, 3 to 3.5 min, 70%B, 3.5t0 4.0
min, 70-90% B, 4.0 to 4.5 min, 90-10% B, and 4.5 to 5.0 min, 10% B.
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8.3.6. UPLC analysis of flavonols and their conjugates

We analyzed six flavonols and their respective conjugates by using the following
common method: system, Waters Acquity UPLC with photodiode array detector and
Empower software; column, BEH Cyg, 1.7 pm, 2.1 x 50 mm; flow rate 0.45 mL/min and
injection volume, 10uL. Details of mobile phase A, mobile phase B and gradients for
each compound are given in table 11. 3,4’DHF, 3,7DHF, 3,7,4’THF and their respective
conjugates were analyzed at 340 nm. 3,5,7THF and its conjugates were analyzed at 263
nm, whereas 3HF, 3HF-glucuronide, 3,5,7,4’QHF, 3,5,7,4’QHF-conjugates and internal
standards was analyzed at 254 nm. Linearity was established in the range of 0.3-20 uM (a
total of 7 concentrations) for 3,7DHF and 3,5,7THF and 0.16-20 uM (a total of 8
concentrations) for other compounds. The LLOQ for all compounds was 0.3 pM for
3,7DHF and 3,5,7THF, and 0.16 uM for other compounds. Analytical methods for each
compound were validated for inter-day and intra-day variation using 6 samples at three
concentrations (20, 5 and 1.56 uM). Precision and accuracy for all compounds were in

acceptable range of 85% to 115%.

8.3.7. Quantification of glucuronides and sulfates of flavonols

The quantification of glucuronides and sulfates was done using the standard curve of the
parent compound with a correction factor for difference in extinction coefficient of the

compound and its metabolites. The correction factor was measured using the method as
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explained in section 3.5 and 3.6 (Chapter 3). We have observed that for a particular
compound and its glucuronides at various positions, correction factor for each
glucuronide was dependent on the extent of shift in the UV spectrum of the glucuronide

from the UV spectrum of aglycone at a given wavelength.

It was also observed that conjugation of aglycone with glucuronic acid and sulfate at the
same position produced Amax Shift and overlapping spectra of glucuronide and sulfate in
flavonols (Figure 32). Based on this observation, we assumed that the correction factor
for a glucuronide and sulfate conjugated at the same position should be similar within
experimental error. Hence, correction factor of glucuronide at a particular position was

used for the calculation of concentration of sulfate at the same position.

8.3.8. Confirmation of flavonols conjugates structure by LC-MS/MS

Six flavonols and their respective glucuronides and sulfates were separated by the same
UPLC system but using slightly different chromatographic conditions because of mass
spectrometer requirements. Here, mobile phase A was ammonium acetate buffer (pH 7.5)
and mobile phase B was 100% acetonitrile with the gradient as follows: 0-2.0 min, 10—
35% B, 2.0-3.0 min, 35-70% B, 3.2-3.5 min, 70-10% B, 3.5-3.7 min, 10% B. The flow
rate was 0.5 mL/min. The effluent was introduced into an APl 3200 Qtrap triple-
quadrupole mass spectrometer (Applied Biosystem/MDS SCIEX, Foster City, CA)

equipped with a TurbolonSpray ™ source.
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The mass spectrometer was operated in negative ion mode to perform the analysis of six
flavonols and their conjugates. The main working parameters for the mass spectrometers
were set as follows: ion source temperature, 600°C; nebulizer gas (gasl), nitrogen, 40
psi; turbo gas (gas2), nitrogen, 40 psi; curtain gas, nitrogen, 20 psi; 20 psi; DP, -50 V;
EP, -10V; CE, -30V; CXP, -3V and IS -4.5KV. Minor adjustments were then made for
each flavonol. Flavonols mono-O-glucuronides and mono-O-sulfates were identified by

MS and MS2 full scan modes.

The donor and receiver media in Caco-2 transport study at end of the experiments were
pooled. These conjugates were extracted by solid phase extraction from these samples
and re-constituted in small amount of 30% acetonitrile in water. The concentrated

samples were then used to identify the glucuronides and sulfates in UPLC/MS/MS.

8.3.9. ldentification of position of glucuronidation and sulfation in the structure of

flavonols by UV shift method

The identification of position of conjugation of flavonol glucuronides and sulfates was
done similar to method described in section 7.3.12. The details of the method and its

validation can be found in Singh et al. (2010)."
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8.3.10. Data analysis and statistical analysis

Data and statistical analysis was done the same way as described in sections 7.3.13 and
7.3.14, respectively (Chapter 7). Linear regression plots for correlation with 95%

confidence interval bands were generated using Statistica 6 (StatSoft, Inc., OK).
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8.4. Results

8.4.1. Confirmation of flavonols conjugates structure by LC-MS/MS

We conducted simple LC-MS/MS studies of the metabolites to show that all glucuronides
and sulfates of the selected flavonols formed during the transport study were mono-O-
glucuronides and mono-O-sulfates (Figures A4-A8, Appendix A). We did not find any
di-glucuronide and di-sulfates of flavonols in the present study. One mono-O-glucuronide
of 3HF (Figure A5, Appendix A), two mono-O-glucuronides of each 3,4’DHF (Figure
A6, Appendix A) and 3,7DHF (Figure A4, Appendix A), and three mono-O-glucuronides
of each 3,7,4’THF (Figure A7, Appendix A), 3,5,7THF (Figure A8, Appendix A) and
3,5,7,4’QHF (Figure A4, Appendix A) were detected in the Caco-2 transport study
samples. Also, mono-O-glucuronides of each flavonol formed during glucuronidation
reaction in cell lysate were same as found in the transport study. The similar results for
3,7,4’THF and 3,5,7,4’QHF has been reported by Barrington et al. (2009), however they
reported a sulfo-glucuronide of kaempferol (3,5,7,4’QHF) also which we did not find in

our study.'#

One mono-O-sulfate was detected for both 3,7DHF (Figure A5, Appendix A) and
3,5,7,4’QHF (Figure A4, Appendix A). Two mono-O-sulfates were detected for 3,4’DHF
(Figure A6, Appendix A), 3,7,4’THF (Figure A7, Appendix A), 3,5,7THF (Figure AS,
Appendix A), while no sulfate was detected for 3HF (Figure A5, Appendix A). One of

the mono-O-sulfate of 3,4’DHF, 3,7,4°’THF, 3,5,7THF were recognized in the
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concentrated samples (10X) in the UPLC/MS/MS only but they were either below the
limit of detection or quantification of UPLC or quantifiable only in the experimental
samples taken at the last time point of the studies. Hence, they were not quantified and

reported here.

8.4.2. Position of conjugates in the structure of flavonols by UV shift method

We determined the position of glucuronidation based on the diagnostic shift in Amax Of
Band | and Band Il of UV spectra of glucuronides (Figure 32). Position of sulfation of
flavonols was determined by the rule of elimination and comparing the spectra of sulfates
with the glucuronides. Table B2 (Appendix B) showed the Amax Of Band | and Il of
flavonols and their conjugates and shift in Anax Of Band | and Band 11 of the conjugates as

compared to their corresponding aglycone.

For 3,4’DHF, the first glucuronide was 4’-O-G while the second glucuronide was 3-O-G.
Sulfation in 3,4’DHF happened at position 4, whereas for 3,7 DHF, the first glucuronide
was 3-O-G, while the second glucuronide and sulfate was conjugated at position C-7
(Figure 32). In case of 3,5,7THF, the position of conjugation of first, second and third
glucuronides and sulfate were 3-O-G, 7-O-G, 5-O-G and 7-O-S, respectively, whereas, in
case of 3,7,4’THF, the position of conjugation of first, second and third glucuronides and

sulfate of 3,7,4’THF were 7-O-G, 4’-0O-G, 3-O-G and 7-O-S, respectively (Figure 32).
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Galangin or 3,5,7-trihydroxyflavone (3,5,7THF)
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Figure 32. UPLC chromatograms and UV spectra of flavonols and their respective
glucuronides and sulfates in Caco-2 cell transport study samples
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Similarly, for 3,5,7,4’QHF, the position of conjugation of first, second and third
glucuronides and sulfate of 3,5,7,4’QHF were 7-O-G, 4’-O-G, 3-O-G and 7-O-S,

respectively (Figure 32).

8.4.3. Determination of correction factors for conjugates of flavonols

Amounts of conjugates formed were determined using the corrections factors for
individual glucuronides of flavonols as described in the method section. UGT isoforms
and wavelength used in generation of correction factor and the correction factor for each
glucuronides are detailed in Table C2 (Appendix C). The correction factors were in the
range of 0.5 (for 3-O-G of 3HF) to 2.5 (for 3-O-G for 3,7DHF). Correction factors of
sulfates of flavonols were not determined experimentally. Based on the comparative UV
spectra of sulfate and glucuronide of a flavonol conjugated at the same position,
correction factors of sulfates conjugated at a particular position was assumed to be
similar to the corresponding glucuronide. Although this assumption was confirmed in the
case of genistein (not shown), it may need to be validated with appropriate experiments

in the future.

All compounds except 3HF formed both sulfate and glucuronides during the transport
study though the amount of glucuronides in all cases was higher than sulfates (Figure 33).
Out of the total phase-II metabolism, percentage of glucuronidation of 3HF, 3,4’DHF,

3,7DHF, 3,7,4’'THF, 3,5,7THF, 3,5,7,4’QHF was 100, 93, 60, 51, 68, and 62 (Figure 33).
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Figure 33. Excretion of total conjugates of flavonols in Caco-2 cell monolayer.

Rates of excretion of total (AP+BL) glucuronides and total (AP+BL) sulfates during AP
(pH =7.4) to BL (pH =7.4) transport of flavonols (at 10 uM concentration) in the Caco-2
cell monolayer at 37°C were calculated as the slope of amount of total glucuronide and
sulfate excreted vs time profile in Figures F3a-F3-D (Appendix F) respectively, using
only the first two data points of each profile, i.e., 1 and 2 hrs for 3,7,4’THF and 0.5 and 1
hr for all other flavonols. Each bar is the average of three determinations, and the error
bars are the standard deviations of the mean (n=3). Rates of excretion of total
glucuronides and sulfate for each flavonol were normalized to the corresponding protein
concentration of experimental monolayer of each flavonol. # on the side of each bar
represents the significant difference between the rates of total glucuronides and total
sulfate for each flavonol (p<0.05). * on the top of each bar represents that the excretion
rates of total conjugates (glucuronides and sulfate together) of the compound was
significantly different from the excretion rates of total conjugates of all other compounds,
respectively (p<0.05). Since most bars showed significant difference to the other bars
(B), ones with no significant difference (not significant, ns) were shown on the top
(p<0.05) to make graphs easily readable.
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This showed that for flavonols though sulfation is important, in most cases
glucuronidation was the major metabolic pathway. Also, all sulfates were formed at 7-O
position, except for flavonols where 7-OH is not present (for 3HF, no sulfate was formed
and for 3,4’DHF, sulfation occurred at 4’-O). Therefore, the compound chosen is not
particularly suited to study sulfate formation and excretion. Based on above-mentioned

reasons, this chapter is focused on the glucuronidation of flavonols in detail.

8.4.4. Formation rates of glucuronides of flavonols in Caco-2 cell lysate

The rates of formation of total glucuronides of flavonols (10 pM) followed the following
rank order: 3,4’DHF (26.9 + 0.3) ~3,5,7THF (26.4 + 1.2) >3HF (15.8 + 0.2) >
3,5,7,4’QHF (13.7 + 0.43) > 3,7DHF (5.1 +0.5) ~ 3,7,4’THF (4.9 + 0.2) nmol/hr/mg of
protein (Figure 34). The formation rates of total glucuronides of 3,4’DHF and 3,5,7THF;
and 3,7DHF and 3,7,4’THF were not significantly different. Apart from these two pairs,
all other flavonols showed significant difference among their rates of formation of
glucuronides (p<0.05) (Figure 34). There seemed to be no obvious relation between the
structure of flavonol and the rates of glucuronidation in Caco-2 cell lysate. The lowest
glucuronidated flavonols (3,7,4’THF and 3,7DHF) were 5 times less rapidly metabolized

than the highest glucuronidated flavonols (3,5,7THF and 3,4’DHF) (p<0.05) (Figure 34).
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Figure 34. Formation of glucuronides of flavonols in Caco-2 cells.

Formation rates of glucuronides of flavonols were measured using Caco-2 cell lysate
(protein concentration ~0.1mg/ml) at 10 pM substrate concentration incubated for 2 hrs
at 37°C. Each bar is the average of three determinations, and the error bars are the
standard deviations of the mean (n=3). Since most bars showed significant difference to
the other bars, ones with no significant difference (not significant, ns) were shown on the
top (p<0.05) to make graphs easily readable.
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8.4.5. Excretion of total glucuronides of flavonols in intact Caco-2 cell monolayer

The amounts of total glucuronides (i.e. sum of amounts of all glucuronides of a flavonol)
excreted increased linearly as a function of time up to for 2 hours for 3,7,4’THF and up to
1 hour for all other flavones (Figures F3a-F3b Appendix F). The rates of excretion of
flavonols total glucuronides to AP and BL sides were calculated as the slope of amount
of conjugate excreted vs time profile, using only the first two data points of each profile,
i.e., 1 and 2 hrs for 3,7,4’THF and 0.5 and 1 hr for all other flavonols. We choose only
the first two data points, as in most cases, they fell in the linear portion of the curve

(Figures F3a-F3b, Appendix F).

The rates of excretion of all glucuronides of a flavonol were normalized against the
corresponding protein concentration of the Caco-2 cells monolayers used in its transport
and rates of excretion were reported as nmol/hr/mg of protein. The total (AP+BL) rates of
excretion of glucuronides all flavonols were significantly different from the other
compounds, except the following pairs, 3,7DHF and 3,5,7,4°’QHF; 3.,4,7THF and

3,5,7,4’QHF; and 3,4,7°THF and 3,5,7THF, (p <0.05) (Figure 35).

The rates of excretion of total glucuronides followed the following rank order: 3,4’DHF
(28.55 £ 2.37) > 3HF (18.45 = 1.13) ~ 3,7DHF (14.33 £ 0.63) > 3,5,7,4’QHF (13.21 +
1.05) ~ 3,7,4’THF (11.65 £+ 0.25) ~ 3,5,7THF (9.89 + 0.53) > nmol/hr/mg of protein

(Figure 35).
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Figure 35. Excretion of total glucuronides in Caco-2 cell monolayer.

Rates of excretion of total glucuronides on AP and BL side during AP (pH =7.4) to BL
(pH =7.4) transport of flavonols (at 10 uM concentration) in the Caco-2 cell monolayer at
37°C were calculated as the slope of amount of glucuronides excreted vs time profile in
Figures F3a-F3b (Appendix F), using only the first two data points of each profile, i.e., 1
and 2 hrs for 3,7,4’THF and 0.5 and 1 hr for all other flavonols. Rates of excretion for
each flavonol were normalized to the corresponding protein concentration of
experimental monolayer of each flavonol. Each bar is the average of three
determinations, and the error bars are the standard deviations of the mean (n=3). # on the
side of each bar represents the significant difference between, AP and BL excretion of
total glucuronides of each flavonol (p<0.05). * on the top of each bar represents that the
excretion rates of total (AP+BL) glucuronides of the compound was significantly
different from the excretion rates of total glucuronides of all other compounds,
respectively (p<0.05). Since most bars showed significant difference to the other bars,
ones with no significant difference (not significant, ns) were shown on the top (p<0.05) to
make graphs easily readable.
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This indicated that for compounds with more than two hydroxyl group, structure of the
flavonol did not significantly affect the rates of glucuronide excretion in Caco-2 cell
monolayer (p<0.05). Also, overall glucuronidation of flavonols with more than two
hydroxyl groups in intact Caco-2 cells was significantly less than the overall
glucuronidation of flavonols with one or two hydroxyl group in their structure (p<0.05)

(Figure 35).

8.4.6. Correlation of formation and excretion rates of glucuronides of flavonols

We correlated formation rates of total glucuronides of flavones to their corresponding
AP, BL and total (AP+BL) excretion rates (Figures 34-35), but we found very poor
correlation for AP (r* = 0.2), BL (r* = 0.18) as well as total excretion (r* = 0.17).
3,5,7THF was found to be an outlier in this series without which the correlation for AP

(r* = 0.69), BL (r* = 0.83) and total (r* = 0.8) excretion improved (plots not shown here).

8.4.7. Formation of regiospecific glucuronides of flavonols in Caco-2 cell lysate

The rates of formation of the two glucuronides of each 3,4’DHF and 3,7DHF in Caco-2
cell lysate were significantly different (p<0.05). Similarly, rates of formation of the three
glucuronides of each 3,7,4’THF and 3,5,7,4°QHF were also significantly different

(p<0.05) (Figure 36A).
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Figure 36. Regiospecific glucuronides formation (A) and excretion (B) of flavonols in
Caco-2 cells.

Formation rates of glucuronides of flavonols were measured using Caco-2 cell lysate
(protein concentration ~0.1mg/ml) at 10 pM substrate concentration incubated for 2 hrs
at 37°C. Rates of total (AP and BL) excretion of glucuronides of flavonols in AP to BL
transport in Caco-2 cell monolayer were calculated as the slope of amount of individual
glucuronide excreted on both AP and BL side vs time profile in Figures F3a-F3b and
Figures F4a-F4e (Appendix F), using only the first two data points of each profile. Rates
of excretion of glucuronide(s) for each flavonol were normalized to the corresponding
protein concentration of experimental monolayer of each flavonol. Each bar is the
average of three determinations, and the error bars are the standard deviations of the
mean (n=3). * on the top of each bar represents that the formation/ excretion rates of all
glucuronides are significantly different from each other, whereas # on the side of each bar
represents that only individual pairs showed significant difference (p<0.05).
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However, only the rate of formation of 3-O-G of 3,5,7THF was significantly different
from the rate of formation of its 7-O-G but there was no significant difference between
rates of formation of 3-O-G and 5-O-G, and 7-O-G and 5-O-G of 3,5,7THF (p<0.05)
(Figure 36A). 3-O-G of 3,4’DHF (25.39 + 0.17) was formed ~17 times faster than its 4’-
O-G (1.51 £ 0.22 nmol/hr/mg of protein), while 3-O-G of 3,7DHF (3.42 £ 0.32) was
formed only twice faster than its 7-O-G (1.70 + 0.33 nmol/hr/mg of protein) (p<0.05),
suggesting that for di-hydroxyflavones, 3-O was the most favored position for

glucuronidation, followed by 7-O and 4’-O (Figure 36A).

For 3,7,4’THF, 3-O-G (2.71 + 0.16) was formed ~2.3 and 2.7 times faster than 4’-O-G
(1.18 £ 0.12) and 7-O-G (1.00 = 0.10 nmol/hr/mg of protein) (p<0.05), respectively,
whereas for 3,5,7THF, 7-O-G (10.02 = 0.77) was formed 1.3 times faster than 3-O-G
(7.62 £ 0.08) and 1.1 times faster than 5-O-G (8.76 + 0.44 nmol/hr/mg of protein)
(p<0.05). 3,5,7,4’QHF, 3-O-G (10.64 + 0.42) was formed ~4.5 and 13.5 times faster than
7-0-G (2.31 £ 0.09) and 4’-O-G (0.78 = 0.01 nmol/hr/monolayer), respectively (p<0.05)
(Figure 36A). This showed that for flavonols 3-O was be the main position of
glucuronidation followed by 7-O, except for 3,5, 7THF where excretion of 7-O-G was
faster than 3-O-G. Also, 4’-O and 5-O were equally important to 7-O position in cases of

3,7,4THF and 3,5,7THF, respectively, but not favored at all in case of 3,5,7,4’THF.
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8.4.8. Excretion of regiospecific conjugates of flavonols in intact Caco-2 cell

monolayer

The amounts of each regiospecific glucuronides of flavonol excreted increased linearly as
a function of time up to for 2 hours for 3,7,4’THF and up to 1 hour for all other flavones
(Figures F4a-F4e, Appendix F). The rates of excretion of the two glucuronides of
3,4’DHF and 3,7DHF and three glucuronides of 3,5,7THF and 3,5,7,4’QHF in the intact
Caco-2 cell monolayer were significantly different from each other (p<0.05) (Figure
36B). However for 3,7,4’THF, there was no significant difference between rates of
excretion of 7-O-G and 4’-O-G, but the rates of excretion of the 3-O-G was significantly

different from both 7-O-G and 4’-O-G (p<0.05) (Figure 36B).

3-0O-G of 3,4’DHF (25.48 + 2.42) was excreted about 8 times faster than the 4’-O-G
(3.06 = 0.33 nmol/hr/mg of protein), while 3-O-G of 3,7DHF (7.73 = 0.59) was excreted
only 1.7 faster than the 7-O-G (4.45 = 0.31 nmol/hr/ mg of protein) (p<0.05) (Figure
36B). This suggested that for glucuronidation of di-hydroxyflavones in intact Caco-2
cells, 3-O was the most favored position followed by 7-O and 4°-O, similar to Caco-2 cell

lysate (Figure 36B).

For 3,7,4’THF, 3-O-G (4.88 £ 0.22) was excreted ~1.5 and 1.7 times faster than 7-O-G
(3.35 £ 0.14) and 4’-O-G (2.81 + 0.20 nmol/hr/ mg of protein), respectively (p<0.05)

(Figure 36B).
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Figure 37. Correlation between formation and apical excretion of regiospecific
glucuronides of flavonols in Caco-2 cells.

The apical rates of excretion with (a) and without (b) 3,5,7THF of all regiospecific
glucuronides of flavones excreted in intact Caco-2 cell monolayer were plotted against
their corresponding rates of formation in Caco-2 cell lysate. Solid blue line is line of best
fit and dotted brown lines are the 95% confidence interval lines. Each data point is the
average of three determinations.
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Figure 38. Correlation between formation and basolateral excretion of regiospecific
glucuronides of flavonols in Caco-2 cells.

The basolateral rates of excretion with (a) and without (b) 3,5,7THF of all regiospecific
glucuronides of flavones excreted in intact Caco-2 cell monolayer were plotted against
their corresponding rates of formation in Caco-2 cell lysate. Solid red line is line of best
fit and dotted black lines are the 95% confidence interval lines. Each data point is the
average of three determinations.
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Figure 39. Correlation between formation and total excretion of regiospecific
glucuronides of flavonols in Caco-2 cells.

The total (AP+BL) rates of excretion with (a) and without (b) 3,5,7THF of all
regiospecific glucuronides of flavones excreted in intact Caco-2 cell monolayer were
plotted against their corresponding rates of formation in Caco-2 cell lysate. Solid green
line is line of best fit and dotted purple lines are the 95% confidence interval lines. Each
data point is the average of three determinations.
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3,5,7,4°QHF, 3-O-G (5.70 + 0.54) was excreted ~1.5 and 1.8 times faster than 7-O-G
(3.88 = 0.41) and 4’-O-G (2.61 = 0.24 nmol/hr/mg of protein), respectively (p<0.05).
Whereas for 3,5,7THF, 7-O-G (4.13 + 0.35) was excreted 1.8 times faster than 3-O-G
(2.34 + 0.18) and 1.2 times faster than 5-O-G (3.43 + 0.23 nmol/hr/ mg of protein)
(p<0.05) (Figure 36B). This showed that in general, for flavones with three or more
hydroxyl groups, the rank order of glucuronides excretion in intact Caco-2 cells were
similar to the rank order of glucuronides formation in Caco-2 cell lysate, though the

ratios might be somewhat different.

8.4.9. Correlation of formation and excretion rates of regiospecific glucuronides of

flavonols

We correlated the formation rates of regiospecific glucuronides of the six flavonols to
their corresponding AP, BL and total (AP+BL) excretion rates (Figures 37-39) and it
showed good correlation. The correlation coefficient (r°) for AP, BL and total (AP+BL)
excretion were 0.82 (Figure 37a), 0.73 (Figure 38a) and 0.77 (Figure 39a), respectively.
Based on 95% confidence interval lines, three regiospecific glucuronides of 3,5,7THF
and 3-O-G of 3,7DHF and 3,5,7,4’QHF were found as the outlier in the series. This
indicated that the actual excretion rates of all the glucuronides of 3,5,7THF and 3-O-G of

3,7DHF and 3,5,7,4’QHF in Caco-2 cell monolayer were much lower than the predicted
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excretion rates, derived based on the formation rates of these glucuronides in Caco-2 cell

lysate.

Since all the three regiospecific glucuronides of 3,5,7THF were outliers, so we re-plotted
the formation rates of regiospecific glucuronides of five flavones (leaving out the
glucuronides of 3,5,7THF) to their corresponding AP (Figure 37b), BL (Figure 38b) and
total (AP+BL) (Figure 39b) excretion rates. We found that the correlations improved
further. The correlation coefficient (r’) for AP, BL and total (AP+BL) excretion now
were 0.89, 0.91 and 0.91, respectively. For this series also, 3-O-glucuronides of 3,7DHF
and 3,5,7,4’QHF were still found as outliers. The slope of the lines of best fit for AP, BL

and total excretion were 0.22, 0.68 and 0.89, respectively.

Upon further removal of under-excreted 3-O-G of 3,5,7,4’QHF, both the correlation and
slopes improved (plots not shown here). The correlation coefficient (r’) for AP, BL and
total (AP+BL) excretion now were 0.97, 0.98 and 0.98, respectively. The slope of the

lines of best fit for AP, BL and total excretion were 0.23, 0.71 and 0.94.

8.4.10. Polarized excretion of glucuronides in Caco-2 cell monolayer

Most flavonols showed preferential BL excretion (p<0.05), except for 3,5,7THF which
showed similar excretion on both sides (Figure 35). The latter can be attributed to the
difference in the rates of polarized excretion of regiospecific glucuronides of 3,5,7THF

(Figure 40), as discussed below.
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Figure 40. Polarized excretion of regiospecific glucuronide(s) of flavonols in Caco-2
cell monolayer.

Apical (AP) and basolateral (BL) excretion rates of 3-O, 4’-O, 5-O and 7-O -
glucuronides during apical to basolateral transport of flavonols at 10 uM concentration in
Caco-2 Cell Monolayer were calculated as the slope of amount of conjugate excreted vs
time profile in Figures F3a-F3b for 3HF and Figures F4a-F4e for other compounds
(Appendix F), using only the first two data points of each profile, i.e., 1 and 2 hrs for
3,7,4'THF and 0.5 and 1 hr for all other flavonols. Rates of excretion of glucuronide(s)
for each flavonol were normalized to the corresponding protein concentration of
experimental monolayer of each flavonol. Each bar is the average of three
determinations, and the error bars are the standard deviations of the mean (n=3). * on the
top of each bar represents that the AP excretion rates of each glucuronide of flavonol was
significantly different from their respective BL excretion rates (p<0.05). # on the side of
each bar in next to a specific glucuronide represents that the AP excretion rate of that
glucuronide of flavonol was significantly different from its respective BL excretion rate
(p<0.05).
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Since, BL to AP ratios of excretion ranged from 1.6 (for 3,5,7THF) to 3.28 (for 3HF), it
was concluded that the efflux transporter(s) responsible for excretion of flavonol
glucuronides were expressed more on BL than on AP membrane of Caco-2 cells. 7-O and
3-0 glucuronides of all flavonols were excreted preferably to the BL side than to the AP
side, BL/AP ratio ranged from 1.95 to 2.6 for 7-O-glucuronides and from 1.91 to 6.06 for
3-O-glucuronides (p<0.05) (Figure 40). Similarly, 4’-O glucuronides of 3,4’DHF (BL/AP
ratio = 3.67) and 3,7,4’THF (BL/AP ratio = 2.33) were excreted preferably to the BL side
than to the AP side, but 4’-O-glucuronide of 3,5,7,4’QHF (BL/AP ratio = 0.89) did not
show any significant difference in AP and BL excretion (p<0.05). There was only one 5-
O-G formed in the whole series and it showed no preference in excretion to BL or AP

membrane (BL/AP ratio = 1.23) (p<0.05) (Figure 40).

The fact that 5-O-G of 3,5,7THF did not show any preference in excretion to the BL side
than to the AP side, could explain the observation that the rates of excretion of total
glucuronides of 3,5,7THF on AP and BL side were very comparable (low BL/AP ratio =

1.6) (Figure 35).
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8.5. Discussion

In this first systematic study of flavonol disposition in Caco-2 cells, we concluded that
the excretion of flavonol glucuronides in Caco-2 cells was generally shown to be not rate-
limited by the efflux transporters. This conclusion can be supported by the fact that the
rate of formation of glucuronides (Figures 34 and 36A) of the selected flavonols (Figure
4, pg 65) in Caco-2 cell lysate correlated very well (r? ~ 0.9) with the corresponding rates
of total (AP+BL) excretion (Figures 35 and 36B) of these glucuronides in intact Caco-2
cell monolayer, except for 3,5,7THF. The slope of the linear relationship (Excretion rate
= 0.89* Formation rate + 2.09) which described the line of best fit of total excretion of
regiospecific glucuronides was close to 1 (Figure 39b). This indicates that the rates of
excretion of regiospecific flavonol glucuronides at the 10uM can be reasonably predicted

by their corresponding rates of formation in Caco-2 cells.

We also showed that the slope of the best fit line for BL excretion (0.68) (Figure 38b)
was about three times more than the slope for the AP excretion (0.22) (Figure 37Db),
indicating the preferred BL excretion of glucuronides, which was also obvious in other
related results that displayed preferred BL excretion of total as well as most regiospecific
glucuronides (Figures 35 and Figure 40). When we added the two slopes, the result was
again close to 1, indicating that we can use the linear relationship of line of best fit for AP
and BL excretion (Figures 37b and 38b) to successfully predict the AP as well BL

excretion of regiospecific glucuronides in Caco-2 cells. The preferential and uninhibited
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BL excretion of high amounts of flavonol glucuronides at 10uM, most probably by the
high expressing MRP3 transporter in Caco-2 cells, seems to be the reason for the good

correlation between formation and excretion rate of glucuronides.

Our finding are also supported by the recently published report on the Caco-2 transport of
kaempferol (3,5,7,4’QHF) by Barrington et al. (2009), which showed that neither
transporter nor enzyme saturation was evident at the concentrations of kaempferol
applied (5 to 100 uM). The efflux of 3-O and 7-O glucuronides of kaempferol was not
limited at the transport or enzyme level. However, the cellular production and cellular
efflux of kaempferol-4’-O-glucuronide appeared to be saturated in the study.'*? The study

also showed that glucuronides exhibited favorable BL excretion over AP excretion.

The fact that efflux transporters are not playing a rate-limiting step for the glucuronides
of flavonol subclass is consistent with the published reports on isoflavone sub-class.
Chen et al. (2005) showed that at substrate concentration of 10 uM (5 puM for prunetin),
the formation served as the rate-limiting step for all isoflavone conjugates (glucuronides
and sulfates) except for genistein glucuronide, which had comparable excretion and
formation similar to flavonols.*® On the other hand, for apigenin, a compound of flavone
sub-class, excretion by efflux transporters was shown to be the rate-limiting step.™
Formation rate of apigenin glucuronide at 10uM was 3 times faster than its excretion
rate.'® 12 Therefore, the observed correlation is probably specific to the flavonol subclass

of flavonoids.
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The preferential BL excretion of flavonol glucuronides, especially 3-O-G, might be
responsible for efflux transporters not playing a rate-limiting role in disposition of
flavonols in Caco-2 cells. BL/AP ratio of regiospecific glucuronides showed that except
for 3,5, 7THF, 3-O-glucuronide was more preferential for BL excretion than other
glucuronide(s) of a flavonol (Figure 40). For example, BL/AP ratio of 3-O-G, 7-O-G and
4’-0-G of 3,7,4’THF were 6.06, 2.11 and 3.29, respectively. Similarly, 3-O-G and 7-O-G
of 3,7DHF showed BL/AP ratio of 3.78 and 2.6, respectively (Figure 40). Reported study
on quercetin glucuronides showed that 7-O-G was better substrate of MRP2 (apical
transporter) than 3-O-G*® strongly supporting that there could be differences in the AP

and BL preferences among the regiospecific glucuronides of the same flavonol.

Based on the discussion above, we can speculate that during intestinal absorption of
flavonols, higher amount of glucuronides will be secreted in mesenteric vein than in the
gut lumen, which means that for flavonols, there will certainly be less enteric and
possibly even less enterohepatic recycling, since conjugates are not well taken up by the
hepatocytes. This could result in higher amount of a regiospecific glucuronide in the
systemic circulation. This becomes more important in cases where glucuronides are either
biologically active or acted upon by B-glucuronidase in different tissues to convert the

glucuronides back to bioactive aglycone.® &

The correlation between excretion rates and formation rates was better when

regiospecific glucuronides of 3,5,7THF were not plotted (r* ~ 0.9) (Figures 37b, 38b,
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39b) than when they were plotted (r* ~ 0.75) (Figures 37a, 38a, 39a). Also, when 3-O-G
of 3,5,7,4’QHF was removed, correlation improved further (r* ~ 0.98) (plots not shown).
This indicates that for some reason, rates of excretion of 3,5,7THF glucuronides were
much lower than what was predicted based on rates of formation. Somehow, the structure
of 3,5,7THF was not supported by the efflux transporters, indicating that may be this
particular structural feature in 3-D is either not favored by or inhibits the efflux
transporters involved in the excretion of these glucuronides such as BCRP, MRP2 and

MRP3, which are expressed in the Caco-2 cells.'®

In conclusion, the excretion of flavonol glucuronides in Caco-2 cells is generally not rate-
limited by efflux transporters, which can be mainly attributed to the favorable basolateral
efflux of flavonol glucuronides, especially 3-O-G. More studies in future are required in
this area to understand the structure and regiospecific excretion preferences of various
efflux transporters involved in excretion of flavonol conjugates, which will help to

understand the other transport component of overall disposition process of flavonoids.
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7-HYDROXY GROUP IN FLAVONES IS THE MOST FAVORED POSITION
FOR GLUCURONIDATION AND SULFATION IN CACO-2 CELLS

9.1. Abstract

The objective of this study was to determine the role of efflux transporters in the
disposition of flavones in Caco-2 cell culture model. We used seven congeneric
compounds of flavone sub-class with different number and position of hydroxyl group in
their structure. We measured the rate of excretion of glucuronides and sulfates at both
apical (AP) and basolateral (BL) side during AP to BL basolateral transport of selected
flavones (at 10uM substrate concentration, 5uM for 5-hydroxyflavone) in Caco-2 cell
monolayer. We showed that the most favored position for glucuronidation and sulfation
was 7-hydroxy group in the structure of flavones. We also showed that the rates of
formation of total (sum of all) glucuronides of the selected flavones in Caco-2 cell lysate
had a very good (r* ~ 0.9) linear correlation with the corresponding rates of AP, BL and
total (AP+BL) excretion of the glucuronides in the intact Caco-2 cell monolayer, but with
a slope of much less than 1 (~0.3). When the formation versus excretion rates correlation
profiles of 4’-O-G and 7-O-G of flavonols and flavones plotted together, were compared
with the correlation profiles of 3-O-G of flavonols, the slopes of line of best fit were 0.7,
0.44, and 0.95 for 4’-O-G, 7-O-G and 3-O-G, respectively. This indicated that the
excretion of 3-O-G was not, whereas the excretion of 4’-O-G and 7-O-G glucuronides

was limited by the efflux transporters. In conclusion, flavones are preferentially
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glucuronidated and sulfated at 7-O position and the excretion of flavone glucuronides is

rate-limited by the efflux transporters.
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9.2. Introduction

Flavonoids are polyphenolic compounds occurring naturally in plant products such as
fruits, vegetables and soy products. The flavonoids have shown various disease
preventive health benefits such as anti-aging, cancer chemoprevention and protection
against cardiovascular diseases.'®* Based on their backbone structures, flavonoids can be
categorized into seven major sub-classes found in foods, namely, flavones, isoflavones,
flavones, flavanones, flavanols, chalcone and anthocyanidins. Figure 1 (pg 5) shows the

basic structure of flavone sub-class.

Flavones are found in a variety of plants, vegetables, fruits, and herbs as well as their
extracts, which are commonly marketed as diet and herbal supplements. Apigenin,
chrysin, luteolin and bicalein are some of the important and common flavones and have
demonstrated anticancer activities and other beneficial effects.™ %% 177 1% 197 Racently,
various flavonoids including flavones has been shown to have the potential to prevent
prostate cancer via cell cycle regulation, apoptosis, inhibition of androgen synthesis, or
inhibition of oncogenic protein kinases.**?°* However, apigenin and chrysin, like many

other flavones that are part of popular herbal supplements, is poorly bioavailable.! " 1%

Most flavones are mainly conjugated in the human body to their sulfate and glucuronide
conjugates, by the sulfotransferases (SULTs) and uridine diphosphoglucuronosyl

transferase (UGT) enzyme superfamilies, respectively, which limits the bioavailability of
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intact aglycone.™® 121 163190 Though, glucuronides have been shown to be the major
components of circulating flavones in a number of studies in humans and animals,
sulfation also played an important role in determining the oral bioavailability of flavones

in humans.lO, 163, 202, 203

UGTs® and SULTs™ are fairly well-expressed in intestinal epithelial cells and
hepatocytes which are the first-pass organ for metabolism by the oral drug delivery. First
pass intestinal metabolism by phase Il enzymes have shown to play an important role in
the disposition of flavones after oral administration.™ °% 1% 132 Hence, it is important to
study the disposition of flavonoids that might help to identify the structural features of
flavones with low potential for phase-1l metabolism in intestinal cells, which could

benefit their development into chemopreventive agents.

Research published from various lab including ours have shown that metabolism and
disposition various flavonoids in the intestine had been affected by the structure of the
compounds. Chen et al. (2005) showed that the total uptake of isoflavones and polarized
as well as total excretion of their metabolites were dependent on structure of isoflavones.
They also showed that the glucuronidation was favored for isoflavones with hydroxyl
group at position C-7.%° Wang et al. (2006) work also supported this observation, and
showed that prunetin, an isoflavone with a methoxy group at C-7 had the slowest
metabolism and disposition in rat intestinal perfusion model as compared to other analogs

with 7-OH group.*®
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Wen and Walle (2006) using Caco-2 cell culture model showed that the unmethylated
polyphenols such as apigenin and chrysin showed 5-8 times lower absorption than
corresponding methylated phenols. The study suggested that the structure determine the
metabolic stability and hence the intestinal absorption of flavones.*®® But the compounds
used in that study were either unmethylated or fully methylated, so it did not provide any
information about if the methylation of one hydroxyl group position was more useful in

increasing the metabolic stability than others.

Recent review articles explained various chemical structural properties of flavonoids
which have shown to impact the metabolism of flavonoids by UGTs.”” ** *® we found
one report which studied the sulfation of 37 flavonoids in platelets and liver cytosol
which gives some idea of the effect of structure on sulfation of flavonoids.*® Ung and
Nagar (2007) also studied the isoform specific sulfation of certain flavonoids.”® But such
reports are few and there is a need of further detailed studies in this field to obtain better

information on the SMR of flavonoids metabolism by UGTs and SULTS.

The Caco-2 cell culture model is an FDA (Food and Drug Administration) recognized
model for determining the absorption of drugs. In silico prediction models developed
using the data of drug transport and permeability in Caco-2 cell, which can successfully
predict the fate of drug absorption in human intestine, have been extensively published
and used in pharmaceutical industry.*?® 8 181183 Byt there are only occasional reports

published for describing the structure-metabolism relationship (SMR) or predicting the
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fate of drug metabolism and excretion in human intestine using Caco-2 cell model.*3 %>

205

The objective of present study was to systematically determine the role of efflux
transporters in the excretion of regiospecific glucuronides of flavones in the Caco-2 cells.
Another objective of the study was to study the effect of structural changes on the
position of conjugation in flavones. These objectives might further be useful to enhance
our knowledge about the SMR of flavonoids glucuronidation and sulfation in intestinal

cells.

We studied the effect of structural changes on the conjugation of selected flavones during
apical to basolateral transport of compounds in Caco-2 cell monolayers. We used seven
congeneric flavones, three mono-hydroxyflavones, 4’-hydroxyflavone (4’HF), 5-
hydroxyflavone (5HF), 7-hydroxyflavone (7HF); three di-hydroxyflavones, 5,4’-
dihydroxyflavone (5,4°’DHF), 5,7-dihydroxyflavone (5,7DHF, chrysin), 7,4’-
dihydroxyflavone (7,4’ DHF); and 5,7,4’-trihydroxyflavone (5,7,4’THF, apigenin) (Figure
4, pg 65), to systematically study how the addition of one or more —OH group at different
position in the structure of flavones affects the position of conjugation in their structure,

rates of metabolism of flavones and the excretion of their conjugates in the Caco-2 cells.
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9.3. Materials and Methods

8.3.1. Materials

Cloned Caco-2 cells, TC-7, were a kind gift from Dr. Moniqué Rousset of INSERM
U178 (Villejuit, France). 4’HF, SHF, 7HF 5,4’DHF, 5,7DHF (or chrysin), 7,4’ DHF, and
5,7,4’THF (or apigenin) were purchased from Indofine Chemicals (Somerville, NJ).
Recombinant human UGT isoforms (commercially known as ‘“supersomes”) were
purchased from Biosciences (Woburn, MA). Uridine diphosphoglucuronic acid
(UDPGA), p-Glucuronidase, alamethicin, D-saccharic-1,4-lactone monohydrate,
magnesium chloride, and Hanks’ balanced salt solution (powder form) were purchased
from Sigma-Aldrich (St Louis, MO). All other materials (typically analytical grade or

better) were used as received.

9.3.2. Solubility and stability of the tested flavonoids

Solubility and stability (with or without 0.1% vitamin C) of the tested flavonoids were
established at the experimental conditions as per the method explained in section 3.1

(Chapter 3).

9.3.3. Transport experiments in the Caco-2 cell culture model

The culture conditions for growing Caco-2 cells and transport experiment protocols were

same as described in sections 7.3.3 and 7.3.4, respectively (Chapter 7). A 100uL of 94%
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acetonitrile/6% glacial acetic acid containing 50 uM of testosterone (for 5HF, 7HF,
7,4’DHF) or formononetin (for 4’HF, 5,4’ DHF, 5,7DHF and 5,7,4’THF) as the internal

standard and preservative.

9.3.4. Preparation of Caco-2 cell lysate for glucuronidation studies and measuring
microsomal protein concentrations and the cellular concentrations of flavonols and

their conjugates in monolayers

Cell lysates preparations were same as described in sections 7.3.5 and 7.3.6, respectively

(Chapter 7).

9.3.5. Measurement of protein concentration and glucuronidation activities of cell

lysate

Protein concentrations and glucuronidation activities of cell lysates were measured as per
the method described in sections 7.3.7 and 7.3.8, respectively (Chapter 7). The
glucuronidation reaction was stopped by the addition of 50uL of 94% acetonitrile/6%
glacial acetic acid containing 50 uM of testosterone (for SHF, 7HF, 7,4°’DHF) or

formononetin (for 4’HF, 5,4°’DHF, 5,7DHF and 5,7,4’THF) as the internal standard.

9.3.6. UPLC analysis of flavones and their conjugates

We analyzed seven flavones and their respective conjugates by using the following

common method: system, Waters Acquity UPLC with photodiode array detector and
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Empower software; column, BEH Cyg, 1.7 pm, 2.1 x 50 mm; flow rate 0.45 mL/min and
injection volume, 10uL. Two different set of mobile phase A, mobile phase B and
gradients conditions were used to analyze the compounds are. For 4’HF, 7HF and
5,7,4’THF, mobile phase A, 100% aqueous buffer (2.5mM NHjAc, pH 4.5); mobile
phase B, 100% acetonitrile; and gradient, 0 to 2min, 10-20% B, 2 to 3 min, 20—70%B, 3
to 3.5 min, 70%B, 3.5 to 4.0 min, 70-90% B, 4.0 to 4.5 min, 90-10% B, and 4.5 to 5.0
min, 10% B. For SHF, 5,4’DHF, 5,7DHF and 7,4’DHF, mobile phase A, 100% aqueous
buffer (2.5mM NH,Ac, pH 7.4); mobile phase B, 100% methanol; and gradient 0 to
2min, 10-20% B, 2 to 3 min, 20-40%B, 3 to 3.5 min, 40-50%B, 3.5 to 4.0 min, 50-70%

B, 4.0 to 5.0 min, 70-90% B, 5.0 to 5.5 min, 90-10% B, and 5.5 to 6.0 min, 10% B.

4HF, 7THF and their respective conjugates were analyzed at 320 nm and 310 nm,
respectively. 5HF, 5,7DHF and their respective conjugates were analyzed at 268 nm,
whereas 5,4°’DHF, 7,4’DHF, 5,7,4’THF and their respective conjugates were analyzed at
340 nm. Testosterone and formononetin were analyzed at 254 and 268 nm, respectively.
Linearity was established in the range of 0.6-20 uM (total 6 concentrations) for SHF and
0.3-20 uM (total 7 concentrations) for other compounds. The LLOQ was 0.3 uM for SHF
and 0.16 uM for all the other compounds. Analytical methods for each compound were
validated for inter-day and intra-day variation using 6 samples at three concentrations
(20, 5 and 1.56 uM). Precision and accuracy for all compounds were in acceptable range

of 85% to 115%.
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9.3.7. Quantification of glucuronides and sulfates of flavones

The quantification of glucuronides and sulfates was done using the standard curve of the
parent compound with a correction factor for difference in extinction coefficient of the
compound and its metabolites. The correction factor was measured using the method as
explained in section 3.5 and 3.6 (Chapter 3). The spectra of glucuronide and sulfate in
most cases were almost overlapping (Figure 40). Based on this observation, the
correction factor of glucuronide at a particular position was used for calculation of

concentration of sulfate at the same position.

9.3.8. Confirmation of flavones conjugates structure by LC-MS/MS

Confirmation of flavone conjugate structure in LS-MS/MS was done as described in

section 8.3.8 (Chapter 8)

9.3.9. Identification of position of glucuronidation and sulfation in the structure of

flavonols by UV shift method

The identification of position of conjugation of flavonol glucuronides and sulfates was
done similar to method described in section 7.3.12 (Chapter 7). The details of the method

and its validation can be found in Singh et al. (2010)."
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9.3.10. Data analysis and statistical analysis

Data and statistical analysis was done the same way as described in sections 7.3.13 and
7.3.14, respectively (Chapter 7). Linear regression plots for correlation with 95%
confidence interval bands were generated using Statistica 6 (StatSoft, Inc., OK).
Hyperbolic correlation curves were plotted using GraphPad Prism® (GraphPad software

Inc., CA).
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9.4. Results

9.4.1. Confirmation of flavones conjugates structure by LC-MS/MS

We conducted simple LC-MS/MS studies of the metabolites to show that all glucuronides
and sulfates of the selected flavones formed during the transport study were mono-O-
glucuronides and mono-O-sulfates (Figure A2, A9-A13, Appendix A). We did not find
any di-glucuronide and di-sulfates of flavones in the present study. One mono-O-
glucuronide and one mono-O-sulfate were detected for 4’HF (Figure A9, Appendix A),
5HF (Figure A9, Appendix A) and 7HF (Figure A10, Appendix A) in UPLC/MS/MS,
whereas two mono-O-glucuronides and one mono-O-sulfate was detected for each
5,4’DHF (Figure All, Appendix A), 5,7DHF (Figure A12, Appendix A), 7,4’DHF
(Figure A13, Appendix A) and 5,7,4’THF (Figure A2, Appendix A) in the Caco-2
transport study samples. Also, mono-O-glucuronides of each flavone formed during
glucuronidation reaction in cell lysate were same as found in the transport study, except
4’-0-G of 5,7,4’THF, which was very low in quantity and only detectable in concentrated

samples in UPLC/MS/MS but not quantifiable in UPLC.

Similarly, mono-O-sulfates of 4’HF (Figure A9, Appendix A) and 5,4’DHF (Figure Al1,
Appendix A) from transport study samples though detected in UPLC/MS/MS but they
were either below the limit of detection or quantification of UPLC or quantifiable only in
the experimental samples taken at the last time point of the studies. Hence, they were not

quantified and reported here.
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9.4.2. Position of conjugates in the structure of flavones by UV shift method

We determined the position of glucuronidation based on the diagnostic shift in Amax Of
Band | and Band Il of UV spectra of glucuronides (Figure 41). Position of sulfation of
flavones was determined by the rule of elimination and comparing the spectra of sulfates
with the glucuronides. Table B3 (Appendix B) showed the Amax Of Band | and Il of
flavones and their conjugates and shift in Ayax Of Band | and Band Il of the conjugates as

compared to their corresponding aglycone.

Glucuronidation in 5,4’DHF happened at position C-4’, whereas sulfation happened at
position C-5. For 5,7DHF, the first glucuronide was 5-O-Glu, while the second
glucuronide and sulfate was conjugated at position C-7 (Figure 41). In case of 7,4’DHF,
the position of conjugation of first and second glucuronides and sulfate were 7-O-G, 4’-
O-G and 7-O-S, respectively, whereas, in case of 5,7,4’THF, the position of conjugation
of first and second glucuronides and sulfate were 4’-O-G, 7-O-G and 7-O-S, respectively

(Figure 41).

9.4.3. Determination of correction factor of conjugates of flavones

Amounts of conjugates formed were determined using the corrections factors for
individual glucuronides of flavones as described in the method section. UGT isoforms
and wavelength used in generation of correction factor and the correction factor for each

glucuronides are detailed in Table C3 (Appendix C).
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Figure 41. UPLC chromatograms and UV spectra of flavones and their respective
glucuronides and sulfates in Caco-2 cell transport study samples
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The correction factors were in the range of 0.72 (for 7-O-G of 5,7DHF) to 1.38 (for 5-O-
G for 5,4’DHF). Correction factors of sulfates of flavones were not determined
experimentally. Based on the comparative UV spectra of sulfate and glucuronide of a
flavone conjugated at the same position, correction factors of sulfates conjugated at a
particular position was assumed to be similar to the corresponding glucuronide. Although
this assumption was confirmed in the case of genistein (not shown), it may need to be

validated with appropriate experiments in the future.

9.4.4. Excretion rates of conjugates of flavones in Caco-2 cell lysate

All flavones excreted both glucuronides and sulfates except 4’HF and 5,4’DHF (Figure
42), which excreted only small amount of sulfates on the apical side in the 4 hour
samples of transport of aglycone across Caco-2 cell monolayer. In most cases,
metabolism through glucuronidation pathway was more important than sulfation, except
for 7,4°’DHF and 5,7,4’THF, which more sulfate was excreted than glucuronides during
Caco-2 cell transport. The rates of excretion of total conjugates (glucuronides plus
sulfates) of flavones followed the following rank order: 5,7,4’THF (24.23 + 0.29) >
5,7DHF (15.30 + 0.34) > 7,4°’DHF (12.42 £0.12) > 7HF (10.37 + 0.41) > SHF (4.91 +
0.49) ~ 4’HF (4.57 £0.13) ~ 5,4’DHF (4.17 £ 0.12) nmol/hr/mg of protein. There was no
significant difference between the excretion rates of total conjugates 4’HF, SHF and

5,4’DHF (p<0.05) (Figure 42).
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Figure 42. Excretion of conjugates in Caco-2 cell monolayer.

Rates of excretion of conjugates on AP and BL side during AP (pH =7.4) to BL (pH
=7.4) transport of flavones (at 10 pM concentration, 5uM for 5HF) in the Caco-2 cell
monolayer at 37°C were calculated as the slope of amount of conjugates excreted vs time
profile in Figures F5a-F5d (Appendix F), using only the first two data points of each
profile, i.e., 1 and 1.5 hrs for 5,7DHF and 5,7,4’THF and 1 and 2 hr for all other flavones.
Rates of excretion for each flavone were normalized to the corresponding protein
concentration of experimental monolayer of each flavone. Each bar is the average of
three determinations, and the error bars are the standard deviations of the mean (n=3). #
on the side of each bar represents the significant difference between, AP and BL
excretion of conjugates of each flavones (p<0.05). * on the top of each bar represents that
the excretion rates of total (AP+BL) conjugates of the compound was significantly
different from the excretion rates of conjugates of all other compounds, respectively
(p<0.05). Since most bars showed significant difference to the other bars, one with no
significant difference (not significant, ns) was shown on the top (p<0.05) to make graphs
easily readable.
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Apart from these three pairs, all excretion rates of total conjugates of all flavones were

significantly different from each other (p<0.05) (Figure 42).

9.4.5. Regiospecific glucuronidation of flavones in Caco-2 cells

We studied the formation (Figure 43A) and excretion (Figure 43B) of regiospecific
glucuronides of flavones in Caco-2 cells. Flavones with free hydroxyl group at C-7
(5,7DHF, 7,4’DHF and 5,7,4’THF) were glucuronidated more significantly at C-7 than
other positions (p<0.05) (Figures 43A). Also, 7-O-Glucuronides of 5,7DHF, 7,4’ DHF
and 5,7,4’THF always excreted faster than their other respective glucuronides (p<0.05)
(Figures 43B). In cases of 5,4’DHF (di-hydroxyflavone without a free hydroxy group at
C-7), the rates of glucuronide formation and excretion in Caco-2 cells favors the position
C-4’ more than C-5 (p<0.05) (Figures 43A-43B). There was no detectable amount of 5-
O-G formed or excreted for 5,4’DHF. This showed that C-7 was the most favored
position of glucuronidation in di- and tri- hydroxyflavones with a free hydroxy group at

C-7.

9.4.6. Regiospecific sulfation of flavones in Caco-2 cells

We also studied the excretion of regiospecific sulfates of flavones in Caco-2 cells (Figure
44). All flavones excreted quantifiable amount of sulfates in Caco-2 cells except 4’HF

and 5,4’DHF (Figure 44).
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Figure 43. Regiospecific glucuronides formation (A) and excretion (B) of flavones in

Caco-2 cells.

Formation rates of glucuronides of flavones were measured using Caco-2 cell lysate
(protein concentration ~0.1mg/ml) at 10 pM substrate concentration incubated for 2 hrs
at 37°C. Rates of total (AP and BL) excretion of glucuronides of flavones in AP to BL
transport in Caco-2 cell monolayer were calculated as the slope of amount of individual
glucuronide excreted on both AP and BL side vs time profile in Figures F5a-F5b and
Figures F6a-F6c (Appendix F), using only the first two data points of each profile. Rates
of excretion of glucuronide(s) for each flavone were normalized to the corresponding
protein concentration of experimental monolayer of each flavone. Each bar is the average
of three determinations, and the error bars are the standard deviations of the mean (n=3).
* on the top of each bar represents that the formation/ excretion rates of all glucuronides
are significantly different from each other (p<0.05).
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Figure 44. Polarized excretion of regiospecific sulfates in Caco-2 cell monolayer.
Rates of excretion of sulfates on AP and BL side during AP (pH =7.4) to BL (pH =7.4)
transport of flavones (at 10 puM concentration, 5uM for 5HF) in the Caco-2 cell
monolayer at 37°C were calculated as the slope of amount of sulfates excreted vs time
profile in Figures F5c-F5d (Appendix F), using only the first two data points of each
profile, i.e., 1 and 1.5 hrs for 5,7DHF and 5,7,4’THF and 1 and 2 hr for all other flavones.
Rates of excretion for each flavone were normalized to the corresponding protein
concentration of experimental monolayer of each flavone. Each bar is the average of
three determinations, and the error bars are the standard deviations of the mean (n=3). #
on the side of each bar represents the significant difference between, AP and BL
excretion of sulfates of each flavones (p<0.05). * on the top of each bar represents that
the excretion rates of total (AP+BL) sulfates of the compound was significantly different
from the excretion rates of sulfates of all other compounds, respectively (p<0.05). Since
most bars showed significant difference to the other bars, one with no significant
difference (not significant, ns) was shown on the top (p<0.05) to make graphs easily
readable.
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Sulfates of 4’HF (Figure A9b, Appendix A) and 5,4’DHF (Figure Allc, Appendix A)
were detected in the concentrated (10X) transport samples in UPLC/MS/MS. All flavones
with a free hydroxyl group at position C-7 formed one mono-O-sulfate i.e. 7-O-S
(p<0.05) (Figures 44). 4’HF, 5HF, and 5,4’DHF, the flavones with no free hydroxyl

group at position C-7, formed 4°-O-S, 5-O-S and 5-O-S, respectively.

9.4.7. Formation rates of glucuronides of flavones in Caco-2 cell lysate

We incubated 10uM (5uM for 5HF) of each flavone with Caco2 Cell lysate (final protein
concentration ~0.1 mg/ml) for 2 hours and measured the concentration of glucuronide(s)
generated. Formation rate of each glucuronide was calculated as concentration of
glucuronide formed per unit time. The rate of formation of total glucuronides of a flavone
was calculated as the sum of rates of formation of all glucuronides of that flavone. The
rates of formation of total glucuronides of flavones followed the following rank order:
5,7DHF (19.55 + 0.36) ~ 5,7,4’THF (19.16 + 0.92) > 7HF (5.89 + 0.24) ~ 4’HF (4.71 +
0.55) > 5,4’DHF (3.29 £0.09) ~ 7,4’DHF (2.98 +£0.20) ~ 5HF (2.28 + 0.12) nmol/hr/mg

of protein (Figure 45).

The formation rates of total glucuronides of flavones 4’HF and 7HF; 5,4°’DHF and
7,4’DHF; and 5,7DHF and 5,7,4’THF were not significantly different (p <0.05) (Figure
45). Also, formation rate of glucuronide of 5HF was not significantly different from the

formation rates of total glucuronides of 5,4’DHF and 7,4’DHF (p<0.05) (Figure 45).
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Figure 45. Formation of total glucuronides of flavones in Caco-2 cells.

Formation rates of glucuronides of flavones were measured using Caco-2 cell lysate
(protein concentration ~0.1mg/ml) at 10 uM substrate concentration (5 uM for 5HF)
incubated for 2 hrs at 37°C. Each bar is the average of three determinations, and the error
bars are the standard deviations of the mean (n=3). Since most bars showed significant
difference to the other bars, ones with no significant difference (not significant, ns) were
shown on the top (p<0.05) to make graphs easily readable.
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Apart from the above-mentioned pairs, all other flavones showed significant difference
among the rates of formation of total glucuronides (p<0.05) (Figure 45). The lowest
glucuronidated flavones (SHF, 5,4’DHF and 7,4’DHF) were about 6 times less rapidly
metabolized than the highest glucuronidated flavones (5,7DHF and 5,7,4’THF) (p<0.05)
(Figure 45). This indicated that hydroxyl groups at C-5 and C-7 together in the structure

of the flavone significantly favors the rates of glucuronidation in Caco-2 cells.

Among the regiospecific glucuronides, 5-O-G and 4’-O-G of 5,7DHF and 7,4’DHF
respectively were formed about ~ 4 times slower than their respective 7-O-G (p<0.05)
(Figure 43A). Whereas for 5,7,4’THF, no other glucuronide except 7-O-G was detected
in the glucuronidation experiment with Caco-2 cell lysate (Figure 43A). This again

indicated that 7-O-G was more favored position for glucuronidation in flavones.

9.4.8. Excretion rates of glucuronides of flavones in Caco-2 cell monolayer

We loaded 10 uM (5 puM for 5HF) of the seven selected flavones solution in pH 7.4
HBSS buffer on the apical side of the Caco-2 cell monolayer. During the course of
transport of the flavonoids from AP to BL side, glucuronides were excreted to both sides
of the cell monolayer, and the amounts of glucuronides of a flavone excreted were
measured. The amounts of total glucuronides (i.e. sum of amounts of all glucuronides of
a flavone) excreted increased linearly as a function of time up to for 1.5 hour for 5,7DHF

and 5,7,4’THF and up to 2 hours for all other flavones (Figures F5a-F5b, Appendix F).
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Figure 46. Polarized excretion of total glucuronides in Caco-2 cell monolayer.

Rates of excretion of total glucuronides on AP and BL side during AP (pH =7.4) to BL
(pH =7.4) transport of flavones (at 10 uM concentration, 5uM for 5HF) in the Caco-2
cell monolayer at 37°C were calculated as the slope of amount of glucuronides excreted
vs time profile in Figures F5a-F5b (Appendix F), using only the first two data points of
each profile, i.e., 1 and 1.5 hrs for 5,7DHF and 5,7,4’THF and 1 and 2 hr for all other
flavones. Rates of excretion for each flavone were normalized to the corresponding
protein concentration of experimental monolayer of each flavone. Each bar is the average
of three determinations, and the error bars are the standard deviations of the mean (n=3).
# on the side of each bar represents the significant difference between, AP and BL
excretion of total glucuronides (A) and sulfate (B) of each flavone (p<0.05). Since most
bars showed significant difference to the other bars, ones with no significant difference
(not significant, ns) were shown on the top (p<0.05) to make graphs easily readable.
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The rates of excretion of flavones total glucuronides to AP and BL sides were calculated
as the slope of amount of conjugate excreted versus time profile, using only the first two
data points of each profile, i.e., 1 and 1.5 hrs for 5,7DHF and 5,7,4’THF and 1 and 2 hrs
for all other flavones. We choose only the first two data points, as in most cases, they fell
in the linear portion of the curve (Figures F5a-F5b, Appendix F). The rates of excretion
of all glucuronides and sulfates of a flavone were normalized against the corresponding
protein concentration of the Caco-2 cells monolayers used in its transport and rates of

excretion were reported as nmol/hr/mg of protein.

The rates of excretion of total glucuronides of flavones followed the following rank
order: 5,7,4’THF (8.83 + 0.55) ~ 5,7DHF (8.27 + 1.10) > 7HF (4.75 £ 0.32) ~ 5,4’DHF
(4.49 + 0.14) ~ 4°HF (4.57 + 0.13) > 5HF (3.39 + 0.47) > 7,4’DHF (2.65 + 0.22)
nmol/hr/mg of protein (Figure 46), which indicated that hydroxyl groups at C-5 and C-7
together in the structure of the flavone significantly favors the rates of glucuronide
excretion in Caco-2 cell monolayer. This was similar to rates of formation in Caco-2 cell
lysate (Figure 45), though the magnitude of difference was more in case of formation

rates (6 folds) than in excretion rates (2-3 folds) (p<0.05).

Rates of excretion of glucuronides of most flavonol were comparable, except for the total
glucuronides of 5,7DHF and 5,7,4’THF which excreted about 2-3 times faster than the

total glucuronides of other flavones (p <0.05) (Figure 46). The rates of excretion of
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glucuronides of 5,7DHF and 5,7,4’THF; and 7HF and 7,4’DHF were not significantly
different from each other (p <0.05) (Figure 46). The excretion rate of 4’HF-glucuronide
did not show any significant difference from the excretion rates of glucuronides of 5HF,
7HF and 5,4’DHF (p <0.05) (Figure 46). Additionally, the excretion rate of 5HF-
glucuronide was not different from the excretion rates of glucuronides of 7HF, 5,4’ DHF

and 7,4’DHF (p <0.05) (Figure 46).

Among the regiospecific glucuronides, 4’-O-G of 5,7,4’THF was excreted ~12 folds
slower than their respective 7-O-G (p<0.05) (Figure 43B). This was different from rates
of formation as no 4’-O-G was detected during glucuronidation of 5,7,4’THF in Caco-2
cell lysate (Figure 43A). In case of 5,7DHF, 5-O-G was excreted about ~4 folds slower
than 7-O-G, which was similar to the difference in their rates of formation (p<0.05)
(Figures 43A-43B). For 7,4’DHF, 4’-O-G was excreted only about ~2 folds slower than
7-O-G, whereas 4’-O-G was formed about ~4 folds slower than 7-O-G in Caco-2 cells

(p<0.05) (Figures 43A-43B).

9.4.9. Excretion of sulfates of flavones in Caco-2 cells monolayer

The rates of excretion of sulfate showed the following rank order: 5,7,4’THF (16.36 +
0.65) > 7,4’DHF (9.77 £0.33) > 5,7DHF (7.22 £ 0.58) > 7HF (5.62 £+ 0.26) > SHF (1.52
+ 0.14) nmol/hr/mg of protein. The excretion rates of 7-O-sulfates of 7HF and 5,7DHF

were not significantly different from each other (p<0.05) (Figure 44).
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Figure 47. Polarized excretion of regiospecific glucuronides of flavones in Caco-2
cell monolayer.

Rates of total (AP and BL) excretion of regiospecific glucuronides of flavones in AP to
BL transport in Caco-2 cell monolayer were calculated as the slope of amount of
individual glucuronide excreted on both AP and BL side vs time profile in Figures F5a-
Fbb and Figures F6a-F6¢c (Appendix F), using only the first two data points of each
profile, i.e., 1 and 1.5 hrs for 5,7DHF and 5,7,4’THF and 1 and 2 hr for all other flavones.
Rates of excretion of glucuronide(s) for each flavone were normalized to the
corresponding protein concentration of experimental monolayer of each flavone. Each
bar is the average of three determinations, and the error bars are the standard deviations
of the mean (n=3). * on the side of each bar represents the significant difference between,
AP and BL excretion of the particular regiospecific glucuronide of each flavone (p<0.05).
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Except this one pair, the excretion rates of sulfates of all flavones were significantly

different from each other (p<0.05) (Figure 44).

9.4.10. Polarized excretion of glucuronides and sulfates of flavones in Caco-2 cell

monolayer

Glucuronides of all flavonols showed preferable basolateral excretion, except SHF and
7HF, which did not show any significant difference between AP and BL excretion of
their glucuronides (p <0.05) (Figure 46). BL/AP ratio for flavonols glucuronides
excretion ranged from 1.31 (for 7HF) to 1.8 (for 7,4’DHF) (Figure 46). Among the
regiospecific glucuronides, 5-O-G (BL/AP = 2.6), 7-O-G (BL/AP = 2.24) and 7-O-G
(BL/AP = 1.8) of 5,7DHF, 7,4’DHF and 5,7,4’THF, respectively, showed preferable
basolateral excretion, whereas 7-O-G, 4’-O-G and 4’-O-G of 5,7DHF, 7,4’DHF and
5,7,4THF, respectively, did not show any significant difference between their AP and
BL excretion (p <0.05) (Figure 47). This showed that preference of excretion on AP or
BL side was dependent not only on the site of glucuronidation but also on the structure of

the flavones.

On the other hand, sulfates of all flavonols showed varied excretion behavior. 7-O-
sulfates of 5,7DHF and 5,7,4’THF showed preferable basolateral excretion. Whereas 7-
O-sulfates of 7HF and 7,4’DHF did not show any significant difference between AP and

BL excretion of their sulfates (Figure 44). 5-O-S of 5HF showed excreted preferably to
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the apical side. BL/AP ratio for flavonols sulfates excretion ranged from 0.75 (for SHF

sulfate) to 1.5 (for 5,7,4’THF sulfate) (Figure 44).

9.4.11. Correlation of formation and excretion rates of glucuronides of flavones

We plotted the formation rates of total glucuronides of flavones against their
corresponding AP, BL and total (AP+BL) excretion rates (Figures 45-46), and found very
good correlation for AP (r* = 0.88) (Figure 48a), BL (r* = 0.94) (Figure 48b) as well as
total excretion (r* = 0.94) (Figure 48c). When the formation rates of regiospecific
glucuronides of flavones were plotted against their corresponding AP, BL and total
(AP+BL) excretion rates (Figures 43A and 47), we again found decent correlation for AP
(r* = 0.65) (Figure 49a), BL (r* = 0.81) (Figure 49b) as well as total excretion (r* = 0.76)
(Figure 49c), though the correlations in case of regiospecific glucuronides excretion

(Figure 49) were not as good as in the case of total glucuronides excretion (Figure 48).

9.4.12. Correlation of glucuronides of flavones and flavonols based on position of

glucuronidation

To understand if there was any relation between the regiospecific glucuronidation and
good correlation between the excretion and formation rates, we studied the correlation
based on position of glucuronidation. Formation rates of 4’-O-glucuronides of flavonoids
from both flavonol and flavone sub-classes were against their corresponding AP, BL and

total excretion rates (Figure 50).
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Figure 48. Correlation
between rates of formation
and excretion of total
glucuronides (sum of all
glucuronides of a flavone) of
flavones in Caco-2 cells.

The apical (a), basolateral (b)
and total (apical  plus
basolateral) (c) rates of
excretion of glucuronides of
flavones excreted in intact
Caco-2 cell monolayer were

plotted against their
corresponding rates of
formation in Caco-2 cell
lysate. Each data point

represents the average of three
determinations.
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Figure 49. Correlation
between rates of formation
and excretion of regiospecific
glucuronides of flavones in
Caco-2 cells.

The apical (a), basolateral (b)

and total (apical plus
basolateral) (c) rates of
excretion of all regiospecific
glucuronides  of  flavones

excreted in intact Caco-2 cell
monolayer were plotted against
their corresponding rates of
formation in Caco-2 cell lysate.
Each data point represents the
average of three determinations.



Similar plots were made for the 3-O-glucuronides of flavonols (Figure 51) as well as the
7-O-glucuronides of flavonols and flavones (Figure 52). The formation rates of 4’-O-
glucuronides of flavones (Figure 43A) and flavonols (Figure 36A, Chapter 8) were
plotted against their corresponding AP, BL and total (AP+BL) excretion rates (Figures

43B and 47, and Figures 36B and 40 of Chapter 8).

We found decent correlation for AP (r* = 0.71) (Figure 50a), BL (r* = 0.62) (Figure 50b)
as well as total excretion (r* = 0.76) (Figure 50c) for 4’-O-G. The slopes of the lines of
best fit for AP, BL and total excretion of 4’-O-glucuronides of flavones and flavonols
were 0.28, 0.44 and 0.71, respectively. The slope of line of best fit for total excretion was
not close to 1. This indicated that the excretion rates were less than with the rates of
formation of 4’-O-glucuronides, such that the excretion of 4’-O-glucuronides of flavones
and flavonols by the efflux transporters was the rate limiting step in the disposition of 4’-

O-glucuronides in the Caco-2 cell monolayers.

When the formation rates of only 3-O-glucuronides of flavonols (Figure 36A, Chapter 8)
were plotted against their corresponding AP, BL and total (AP+BL) excretion rates
(Figures 36B and 40, Chapter 8), a good correlation for AP (r* = 0.84) (Figure 51a), BL
(r* = 0.78) (Figure 51b) as well as total excretion (r* = 0.80) (Figure 51c) was observed.
The slopes of the lines of best fit for AP, BL and total excretion of 3-O-glucuronides of

flavonols were 0.25, 0.7 and 0.95, respectively.
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Figure 50. Linear
correlation between rates of
formation and excretion of
4’-O-glucuronides of
flavones and flavonols in
Caco-2 cells.

The apical (a), basolateral (b)
and total (apical plus
basolateral) (c) rates of
excretion of 4’-0-
glucuronides of flavones and
flavonols excreted in intact
Caco-2 cell monolayer were
plotted against their
corresponding rates of
formation in Caco-2 cell
lysate. The data for 4’-O-
glucuronides of flavonols has
been re-plotted here from
Figures 36A-36B and 40,
Chapter 8. Each data point
represents the average of three
determinations.
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Figure 51. Linear correlation
between rates of formation
and excretion of 3-O-
glucuronides of flavonols in
Caco-2 cells.

The apical (a), basolateral (b)
and total (apical plus
basolateral) (c) rates of
excretion of 3-O-glucuronides
of flavonols excreted in intact
Caco-2 cell monolayer were
plotted against their
corresponding rates of
formation in Caco-2 cell
lysate. The data for 3-O-
glucuronides of flavonols has
been re-plotted here from
Figures 36A-36B and 40,
Chapter 8. Each data point
represents the average of three
determinations.
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Figure 53. Hyperbolic correlations between rates of formation and the apical
(green), basolateral (red) and total (blue) excretion of 7-O-glucuronides of flavones
in Caco-2 cells.

The apical, basolateral and total (apical plus basolateral) rates of excretion of 7-O-
glucuronides of flavones excreted in intact Caco-2 cell monolayer were plotted against
their corresponding rates of formation in Caco-2 cell lysate. The equation of line of best
fit was Y=Y maX/(X + X¢), where Ynax Was the maximum rate of excretion that can be
achieved by the efflux transporters in Caco-2 cell monolayers and X, was the rate of
formation by the UGTs at which half the Ynax can be achieved in Caco-2 cells. Each bar
is the average of three determinations, and the error bars are the standard deviations of
the mean (n=3).
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The slope of line of best fit for total excretion was close to 1. This indicated that the
excretion rates were comparable with the rates of formation of 3-O-glucuronides, hence
disposition of 3-O-glucuronides of flavonols in the Caco-2 cell monolayers was not

limited by the excretion of 3-O-glucuronides by efflux transporters.

Similarly, when the formation rates of 7-O-glucuronides of flavones (Figure 43A) and
flavonols (Figure 36A, Chapter 8) were plotted against their corresponding AP, BL and
total (AP+BL) excretion rates (Figures 43B and 47, and Figures 36A and 40 of Chapter
8), a decent correlation for AP (> = 0.77) (Figure 52a), BL (r* = 0.67) (Figure 52b) as
well as total excretion (r? = 0.76) (Figure 52c) was observed. However, the slopes of the
lines of best fit for AP, BL and total excretion of 7-O-glucuronides of flavones and

flavonols were 0.09, 0.13 and 0.22, respectively.

The slope of line of best fit for total excretion was nowhere close to 1. This strongly
indicated that the excretion rates were much less than with the rates of formation of 7-O-
glucuronides, most probably because the excretion of 7-O-glucuronides of flavones and
flavonols by the efflux transporters was not favored and hence acted as the rate limiting

step in the disposition of 7-O-glucuronides in the Caco-2 cell monolayers.

The fact that excretion of 7-O-glucuronides of high metabolizing flavones was not
favored by the efflux transporters was also evident by the good hyperbolic correlation (r?

~ 0.9) that was observed between the formation and excretion rates of 7-O-glucuronides
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of flavones (Figure 53). The equation of line of best fit was Y=Y maX/(X + X;), where
Y max Was the maximum rate of excretion that can be achieved by the efflux transporters in
Caco-2 cell monolayers and X, was the rate of formation by the UGTs at which half the
Y max can be achieved in Caco-2 cells. The parameters Y max and X for the lines of best fit
along with r? for AP, BL and total excretion of 7-O-glucuronides of flavones were shown

in table 12.

The result showed that the basolateral and total excretion of 7-O-glucuronides of
flavonols followed saturation kinetics (Figure 53), such that only a maximum rate of
excretion could be achieved with the efflux transporters, even if the formation rates of 7-
O-glucuronides of certain flavonols were higher. This again indicated that disposition of
flavones in the Caco-2 cell via glucuronidation at position C-7 was rate limited by the
excretion of 7-O-glucuronides by the efflux transporters. The standard error of the
parameters obtained from the line of best fit for the apical excretion was very high
indicating that apical excretion was not following the hyperbolic correlation very well

(Table 12).

However, there was no hyperbolic correlation observed if the 7-O-glucuronides of
flavones and flavonols were plotted together (correlation plots not shown here). This
showed that the excretion of 7-O-glucuronides of flavonoids in Caco-2 cells was

dependent on the sub-class of flavonoids.
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Table 12 Parameters for the hyperbolic correlation between the formation rates and
the corresponding apical, basolateral and total excretion rates of 7-O-glucuronides

of flavones

Parameters of

Excretion (best fit value * std. error)

hyperbolic
correlation Apical Basolateral Total (AP+BL)
Y max 6.39 + 3.09 7.76 £1.14 14.10 + 2.82
Xe 19.69 +12.44 12.25+2.52 14.89 + 4.07
r’ 0.60 0.91 0.89
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a 5,4'-dihydroxyflavone (5, 4'DHF) b 5,7-dihydroxyflavone (5,7DHF)
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Figure 54. Glucuronidation of flavones by recombinant human UGT 1Al, 1A3, 1A6
and 2B7.

54’DHF (a), 5,7DHF (b), 7,4’DHF (c), and 5,7,4’THF (d) at 10 pM concentration were
incubated at 37 °C for 1 (or 0.5) hr with each UGT isoform (using optimum final protein
concentration ~ 0.25, 0.5 or 1 mg/ml). The amounts of mono-O-glucuronide(s) formed
were measured using UPLC. Rates of glucuronide(s) formation were calculated as
nmol/hr/mg of protein. Each bar is the average of three determinations, and the error bars
are the standard deviations of the mean (n=3). (This data has been re-plotted from here
from Figure 5, Chapter 4).
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9.5. Discussion

We concluded that 7-O is the most favored position of glucuronidation and sulfation in
flavone subclass in Caco-2 cells and excretion of flavone glucuronides is limited by
efflux transporters. This can be supported by the fact that in the present study, we found
that during AP to BL transport of flavones in Caco-2 cells monolayers, flavones with a C-
7 hydroxyl group were primarily metabolized into 7-O-glucuronides (Figure 43B) or 7-
O-sulfates (Figure 44). On the other hand, strong linear correlations between formation
rates (x-axis) and excretion rates with slopes significantly less than 1 indicate that efflux

transporters are limiting the efflux of glucuronides of flavone subclass.

Evidence supporting the favored position of conjugation at 7-O position included the
higher rates of formation and excretion of 7-O-glucuronides and 7-O-sulfates as
compared to other regiospecific glucuronides and sulfates. 7-O-glucuronides of 5,7DHF
and 5,7,4’THF was formed about 4-6 folds faster than the 4°-O-G of 4’HF and 5,4’DHF,
while 8 folds faster than the 5-O-G of 5HF in Caco-2 cells (Figure 43A). Similarly, 7-O-
glucuronides of 5,7DHF and 5,7,4’THF was excreted about 2 folds faster than the 4’-O-G
of 4HF and 5,4°DHF, and 2.5 folds faster than the 5-O-G of 5HF in Caco-2 cell
monolayers (Figure 43B). On the other hand, 7-O-sulaftes of flavones were excreted
about 4-10 times faster than the 5-O-S of 5HF, whereas 4’HF and 5,4’DHF did not

excrete any quantifiable sulfates in Caco-2 cell monolayers (Figure 44).
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In Caco-2/TC-7 cells, UGT1Al, 1A3, 1A4, 1A6 were highly expressed whereas
UGT1A8 and UGT1A9 were poorly expressed and UGT1A7 and 1A10 are probably not
expressed *®. Another report showed higher expression levels of UGT2B7 and 2B17.%*
Since, UGT1A4 and 2B17 did not glucuronidate most flavones, we re-plotted the
regiospecific glucuronidation of these flavones by UGT isoforms 1A1, 1A3, 1A6 and
2B7 at 10 uM substrate concentration (Figure 54) and results strongly indicated that all
UGT isoforms richly expressed in the Caco-2 cells primarily glucuronidated flavone at

the 7-O position.

We believe that the formation of 7-O-sulfate in Caco-2/TC-7 cells is due to the action of
SULT1A3. This is because, SULT1A3 is highly expressed in Caco-2/TC-7** and
metabolize apigenin very fast (Figure G1, Appendix G). Another highly expressed SULT
isoform, SULT2A1'?° slowly metabolized apigenin (50 folds lower than SULT1A3)
(Figure G1, Appendix G). On the other hand, SULT1AL, which has shown high activity
against chrysin (5,7DHF)** and apigenin (5,7,4’THF)** (Figure G1, Appendix G) was
expressed 30 fold less than SULT1A3 in Caco-2/TC-7"%. Therefore, SULT1A3 is the

most important isoform responsible for sulfation of flavones at 7-O position.

This conclusion is consistent with the results of Harris et al. (2004) who showed that at
substrate concentration of 10uM, 7HF (61.7 + 2.56), 57DHF (47.4 + 0.30) and
5,7,4’THF (52.4 = 0.02) were sulfated about ~150-200 times faster than 5-HF (0.3+0.25

pmol/min/mg protein) in platelet cytosol (SULT1AL:SULT1A3, 1:2)."¥ It is also

300



consistent with Walle et al. (2001) who showed that chrysin (5,7DHF) in human

190

volunteers formed only one mono-O-sulfate™ and Williamson et al. (2005) who reported

that chrysin-7-O-S was found in vivo.”

Our study showed that excretion of flavones’ glucuronides and sulfates in Caco-2 cells is
rate limited by the efflux transporters, such as MRP21?: 114 163,169, 195,206, 207 5y CRpH4:
163,169, 208 ot the apical side and an OAT™, MRP1'®®, and MRP3'® on the basolateral
side. This is supported by the fact that the formation rates of total as well as regiospecific
glucuronides of highly glucuronidated flavones such 5,7DHF and 5,7,4’THF were about
2-3 times faster than their corresponding excretion rates in Caco-2 cells (Figures 43A-
43B and 45-47) , which is also reflected by the slopes that were generally much less than
1 (~0.3). Also, the correlation coefficients of linear relationships of AP, BL and total
(AP+BL) excretions rates of total (sum of all) glucuronides were better than the
correlation coefficient of regiospecific glucuronides (Figures 48a-48c and 49a-49c). This
showed that excretion rates of certain regiospecific glucuronides were not well correlated
with their formation rates, such as 4’-O-G of 5,4’DHF and 5-O-G of 5,7DHF were

outliers in all the cases (Figures 49a-49c).

We also found decent linear correlations between formation and excretion rates of
regiospecific glucuronides of flavonols and flavones (Figures 50-52). However, the
slopes of line of best fit of total excretion of 4’-O-G were less than 1 (Figure 50c) and the

slope of 7-O-G was much lower than 1 (Figure 52c). On the other hand, slope of line of
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best fit for the total excretion for 3-O-G of flavonols was about 1 (Figure 51c). This
suggested that the excretion of 3-O-G of flavonols was not, but excretion of 4’-O-G and

7-O-G of flavones and flavonols was rate limited by the efflux transporters.

It should be noted that 7-O-G of flavones alone showed good hyperbolic correlation
between the formation and excretion rates (Figure 53, table 12), but not when plotted
with 7-O-G of flavonols (correlation plots not shown). This suggested that excretion of
metabolites of different sub-classes, even though glucuronidated at the same position
might still not follow the same profiles. Excretion of flavones sulfates also supposedly
was rate-limited by the efflux transporters™, however additional studies are required to

prove this.

In conclusion, flavones are preferentially glucuronidated and sulfated at 7-O position and

the excretion of flavone glucuronides is rate-limited by the efflux transporters.
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SUMMARY

The purpose of these studies was to establish structure-metabolism relation between UGT
and flavonoids for predicting glucuronidation of flavonoids. We first determined the most
important isoforms responsible for the in vivo glucuronidation of flavonoids in and across
different sub-classes. Using recombinant human UGT isoform glucuronidation model, we
found that out of 12 commercially available UGT isoforms, in most cases, UGT1A9 was
the fastest glucuronidating isoform for the 13 tested flavonoids (apigenin, genistein,
phloretin, naringenin, kaempferol, 3-hydroxyflavone, 3,4’-dihydroxyflavone, 3,7--
dihydroxyflavone, 5,4’-dihydroxyflavone, 5,7-dihydroxyflavone, 7,4’-dihydroxyflavone,
3,5,7-trihydroxyflavone, and 3,7,4’-trinydroxyflavone) at all the three substrate
concentrations (2.5, 10, 35uM), except for phloretin, for which UGT1A8 was the fastest
glucuronidating isoform at all the three substrate concentrations. We also found that
UGT1A1l usually showed faster glucuronidation than UGT1A8 at lower substrate
concentration (2.5uM), whereas UGT1A8 usually showed faster glucuronidation at
higher substrate concentration (35uM). Glucuronidation of flavonoids by UGT 1AS3,
1A6, 1A7, 1A10 and 2B7 was also dependent on the structure and concentration of the
flavonoids. These data suggest that UGT1A9, UGT1A8 and UGT1A1 will play most
important role in glucuronidating flavonoids at different concentrations. Based on
published literature (Ohno and Nakajin, 2009), among liver and intestine, the two major

first pass metabolism organs, UGT1A9 is exclusively expressed in liver, UGT1AS8 in
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intestine and UGT1A9 in both liver and intestine. This also gave us the rationale of
choosing UGT isoforms for further studies on isoform-specific substrate-selectivity,

regiospecificity and developing isoform-specific prediction models later.

We then studied the substrate-selectivity and regiospecificity of eight important UGT
isoforms (1Al, 1A3, 1A6, 1A7, 1A8, 1A9, 1A10 and 2B7). For the purpose of
understanding, we randomly categorized the degree of regiospecificity into dominant (i.e.
one position is favored to the other(s) by 9:1 or larger ratio), preferred (i.e. one position is
favored to the other(s) by at least 3:1 ratio, but less than 9:1 ratio), weak (i.e. one position
is favored to the other(s) by at least 2:1 ratio but less than 3:1 ratio) and no preference
(i.e. no position is favored to the other(s) by less than 2:1 ratio). We found that in general,
UGT1A1, 1A6 and 1A10 showed no regiospecificity for any particular position of
glucuronidation. UGT1A3 showed dominant regiospecificity for glucuronidating 7-O
position, whereas, UGT1A7 showed dominant regiospecificity for glucuronidating 3-O
position. UGT1A8 and UGT1A9 showed dominant, preferred or weak regiospecificity
for 3-O or 7-O position, depending on the structure of the flavonoid. We showed that the
rates of glucuronidation of 3-O and 7-O positions in flavones and flavonols were affected
by the addition of multiple hydroxyl groups at different positions as well as by the

substrate concentrations (2.5, 10 and 35uM).

We also found that the rates of glucuronidation of 3-O and 7-O positions in flavones and

flavonols were affected by the addition of multiple hydroxyl groups at different positions
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as well as by the substrate concentrations. In substrate-selectivity studies of flavones and
flavonols, we found that the addition of hydroxyl group at C-4’ reduced, whereas the
addition of hydroxyl group at C-5 and/or C-7 improved the rates of glucuronidation of
flavonoids by UGT1A8 and 1A9. However, the rates of glucuronidation by UGT1A1
always reduced as number of hydroxyl group in the structure increased. These studies
suggested that regiospecificity and substrate-selectivity were dependent on UGT isoform,

substrate structure and concentration.

Since UGT1A8 and UGT1A9 were one of the most important isoform glucuronidating
flavonoids and exclusively expressed in the intestine and liver, respectively, we sought to
develop isoform-specific semi-quantitative and quantitative structure-metabolism
prediction (SMR) models using isoform-specific approximate intrinsic clearance (Clin)
values of flavonoids as metabolic activity of UGT1A8 and UGT1A9. Semi-quantitative
SMR models were developed using Pharmacophore-based 3-D QSAR modeling, whereas
quantitative SMR models were developed using 2-D/3-D QSAR modeling techniques.
We were successfully able to develop semi-quantitative SMR prediction models for
UGT1A9 with a predictive ability of >75%, which could differentiate between the
compounds into two different categories of metabolism (low versus high) based on
arbitrary cut-off Cliy value of 3 x 10° ml/min/mg of protein. We could not develop any
successful semi-quantitative SMR prediction model for UGT1A8. The pharmacophore

generated in the semi-quantitative SMR models help to decide the best confirmation of
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compounds to be used in the quantitative SMR prediction models. But, we could not
develop any successful quantitative SMR prediction model for UGT1A8 and UGT1A9
using 2-D and 3-D descriptors. But we believe that better use of experimental data
information such as position-specific glucuronidation activity of flavonoids and
combinatorial in silico modeling techniques might further improve these prediction

models.

We then investigated the how the change in backbone of flavonoids across different sub-
classes affect the excretion of conjugates of flavonoids in Caco-2 cells. We found that the
rates of excretion of glucuronides of all flavonoids in Caco-2 cell monolayer were
comparable and rapid except for genistein which excreted slowly, due to the position in
phenyl ring at C-3 as opposed to C-2 in other flavonoids. However, rates of excretion of
sulfates of apigenin were the highest in Caco-2 cell monolayers, followed by kaempferol,
naringenin, phloretin and genistein. The rates of formation of glucuronide(s) of apigenin,
genistein and phloretin in Caco-2 cell lysate were significantly higher than their
corresponding rates of excretion, indicating that rates of excretion was limited by the
efflux transporters. Whereas, rates of formation and excretion of glucuronide(s) of
naringenin and kaempferol did not show significant differences (p<0.05), indicating that
rates of excretion of these glucuronides were not limited by the efflux transporters. These
studies suggested that change in backbone structures impact the excretion of flavonoid

sulfates more significantly than the excretion of their glucuronides in Caco-2 cells, and
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excretion of glucuronides were limited either by the formation or efflux transporters

depending on their structures.

We then studied the role of efflux transporter in the excretion of flavonol glucuronides in
Caco-2 cells. We found that the rates of formation of regiospecific glucuronides of the
selected flavonols in Caco-2 cell lysate correlated very well (slope = 0.89, r* ~ 0.9) with
the corresponding rates of total (AP+BL) excretion of these glucuronides in the intact
Caco-2 cell monolayer. This suggested that the formation rates of glucuronides in Caco-2
cell lysate could reasonably be used for predicting the major position(s) of
glucuronidation and rates of regiospecific glucuronidation of a new flavonol. The total
glucuronides as well as most regiospecific glucuronides for all the selected flavonols
were excreted more to the BL side than to the apical side, with 3-O-G showing more BL
preference than glucuronide(s) at other -OH position of same compound. These studies
suggested that the excretion of flavonol glucuronides in Caco-2 cells is generally driven
by formation rates, and not rate-limited by efflux transporters, which can be mainly

attributed to the favorable basolateral efflux of flavonol glucuronides, especially 3-O-G.

We then investigated the regiospecific conjugation of flavone glucuronides in Caco-2
cells. We found that the most favored position for glucuronidation and sulfation was 7-
hydroxy group in the structure of flavones. The rates of formation of total (sum of all)
glucuronides of the selected flavones in Caco-2 cell lysate had a very good (r*> ~ 0.9)

linear correlation with the corresponding rates of AP, BL and total (AP+BL) excretion of
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the glucuronides in the intact Caco-2 cell monolayer, but with a slope of much less than 1
(~0.3). When the formation versus excretion rates correlation profiles of 4’-O-G and 7-O-
G of flavonols and flavones plotted together, were compared with the correlation profiles
of 3-O-G of flavonols, the slopes of line of best fit were 0.7, 0.44, and 0.95 for 4’-O-G, 7-
O-G and 3-O-G, respectively. This indicated that the excretion of 3-O-G was not,
whereas the excretion of 4’-O-G and 7-O-G glucuronides was limited by the efflux
transporters. Based on the published expression levels of UGT isoform in Caco-2 cells
(Siissalo et al., 2009) the important intestinal isoforms responsible for glucuronidation of
flavonoids in intestinal cells (UGT1A8 and UGT1A10) are poorly expressed in Caco-2
cells. Therefore, though the Caco-2 cells are a good model for studying the mechanism of
flavonoids’ disposition, its role in the actual prediction of in vivo disposition of

flavonoids in intestinal cells is limited.

Taken together, we have demonstrated that flavonoids show UGT isoform-specific
structure-glucuronidation relationship. Rates of glucuronidation by recombinant human
UGT isoforms could be very helpful in understanding this relationship in terms of the
most important UGT isoforms contributing to the metabolism of flavonoids, as well as
differences in the substrate selectively and regiospecificity difference among various
isoforms. This relationship however, could not give quantitative prediction of isoform-
specific metabolic fate of compound. The study indicated that ligand-based in silico

modeling could be a more viable approach for generating semi-quantitative and
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quantitative SMR models to predict isoform-specific metabolism. Additionally, study of
the flavonoid glucuronidation in Caco-2 cells delineated the role of efflux transporters in
the excretion of position-specific glucuronides of flavonoids and gave more insight to the
possible structure-disposition relationship of flavonoids in intestinal cell. However, future
studies are required to develop the prediction models for the excretion of glucuronides by

various efflux transporters.
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Appendix A. MS2 sacns of glucuronides and sulfates of flavonoids in Caco-2 Cells
transport or supersomes glucuronidation studies samples.
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Figure Al. MS2 (precursor ion scan) of genistein (Gen) sulfate (a), genistein
glucuronide (b), naringenin (Nar) sulfate (c), and naringenin O-glucuronide (d) in
Caco-2 Cells transport or supersomes glucuronidation studies samples.
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Figure A2. MS2 of 5/774THF (5,7,4’-trihydroxyflavone, apigenin) 4’-O-
glucuronide (a), 5,7,4’THF 7-O-glucuronide (b), and 5,7,4’THF 7-O-sulfate (c) in
Caco-2 Cells transport or supersomes glucuronidation studies samples.
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Figure A3. MS2 (precursor ion scan) of phloretin O-sulfate (Phlor), (a) phloretin O-
glucuronides 2 and 3 overlapped (b), and phloretin O-glucuronide 1 (c) in Caco-2
Cells transport or supersomes glucuronidation studies samples.
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Figure A4. MS2 of 3,5,7,4°QHF(3,5,7,4’-tetrahydroxyflavone, kaempferol) 7-O-
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Figure A6. MS2 of 3,4’ DHF (3,4’-dihydroxyflavone) 4’-O-glucuronide (a), 3,4’ DHF
3-O-glucuronide (b), 3,7DHF 4°-O-sulfate (c), and 3,7DHF 3-O-sulfate (d) in Caco-2
Cells transport or supersomes glucuronidation studies samples.
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Figure A7. MS2 of 3,74°THF (3,7,4’-trihydroxyflavone) 7-O-glucuronide (a),
3,7,4’THF 4’-O-glucuronide (b), 3,7,4’THF 3-O-glucuronide (c), and 3,7,4’THF 7-O-
sulfate (d) in Caco-2 Cells transport or supersomes glucuronidation studies samples.
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Figure A9. MS2 of 4’HF (4’-hydroxyflavone) 4’-O-glucuronide (a), 49’HF 4’-O-
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Figure A11. MS2 of 5,4’DHF (5,4’-dihydroxyflavone) 5-O-glucuronide (a), 5,4’DHF

4’-O-glucuronide (b), and 5,4’DHF O-sulfate (c)
supersomes glucuronidation studies samples.
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Appendix B. UV Amax shift in Band | and Band Il of the UV spectra of the flavonoids
and their respective glucuronide(s) and sulfates
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Table B1 UV Anax shift in Band | and Band 11 of the UV spectra of the apigenin,

kaempferol and their respective O-glucuronide(s) and O-sulfates

Flavonols/ UV Amax (NM) Position of
Glucuronides/ Band | | A Shift | Band Il | Anw Shift Conjugation
Sulfates based on
Amax Shift
Apigenin (Api) 334.8 267.7
Api-0-G1 - - 4’-0-G*
Api-O-G2 338.9 +4.1 267.7 | No Change 7-0-G
Api-O-S 338.9 +4.1 267.7 | No Change 7-0-S
Kaempferol (Kamp) | 366.1 262.9
Kamp-O-G1 366.1 | Nochange | 262.9 | No change 7-0-G
Kamp -O-G2 357.8 -8.3 253.8 | No change 4’-0-G
Kamp -O-G3 343.7 -22.4 262.9 | No change 3-0-G
Kamp -O-S 366.1 | Nochange | 262.9 | No change 7-0-S

** Position was guessed based on high reactivity of 4’-O position as compared to 5-O as we could not

get a good UV spectrum due to low concentration of glucuronide.
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Table B2 UV Anax shift in Band | and Band 11 of the UV spectra of the flavonols and

their respective glucuronide(s) and sulfates

Flavonols/ UV Amax (nm) Position of
Glucuronides/ Band | | A Shift | Band Il | A Shift Conjugation
Sulfates based on
Amax Shift
3HF 343.7 239.4
3HF-3-0-G - Band | 248.8 +94 3-0-G
Disappeared
3, 4°DHF 357.3 ND
3,4 DHF-0O-G1 348.5 -8.8 ND 4’-0-G
3,4’ DHF-O0-G2 334.1 -23.2 229.9 3-0-G
3,4’DHF-0O-S 352.5 -4.8 244.1 4’-0-S
3,7DHF 343.7 253.5
3,7DHF-0O-G1 315.1 - 28.6 248.8 -4.5 3-0-G
3,7DHF-O-G2 3437 | Nochange | 248.8 -4.5 7-0-G
3,7DHF-0O-S 343.7 | Nochange | 2438 -4.5 7-0-S
3,5, 7THF 357.8 269.3
3,5,7THF-0-G1 - Band | 269.3 No change 3-0-G
Disappeared

337




Appendix B

Flavonols/ UV Amax (nm) Position of
Glucuronides/ Band | | A Shift | Band 1 | A Shift Conjugation
Sulfates based on
Amax Shift
3,5,7THF-0-G2 357.8 No change 269.3 No change 7-0-G
3,5,7THF-0O-G3 348.5 -9.3 258.2 -4.7 5-0-S
3,5,7THF-0O-S 357.8 No change 269.3 No change 7-0-S
3,7,4°THF 353.2 258.2
3,7,4 THF-O-G1 353.2 No Change 253.5 -4.7 7-0-G
3,7,4 THF-O-G2 348.5 -4.7 258.2 No change 4’-0-G
3,7,4’ THF-O-G3 324.6 -28.6 253.5 -4.7 3-0-G
3,7,4’'THF-O-S 353.2 No Change 248.8 -94 7-0-S
3,5, 7,4 QHF 366.1 262.9
3,5,7,4QHF-O-G1 366.1 No change 262.9 | No change 7-0-G
3,5,7,4QHF-0O-G2 357.8 -8.3 253.8 | No change 4’-0-G
3,5,7,4’QHF-0-G3 343.7 -224 262.9 No change 3-0-G
3,5,7,4QHF-O-S 366.1 No change 262.9 | No change 7-0O-S

* ND means not detected by the Empower software in the spectra
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Table B3 UV Amax shift in Band | and Band 11 of the UV spectra of the flavones and

their respective glucuronide(s) and sulfates

Flavones/ UV Amax (nmM) Position of
Glucuronides/ Band | | A Shift | Band 1 | A Shift Conjugation
Sulfates based on
Amax Shift
4’HF 324.1 253.5
4’HF-4’-O-G 315.6 -85 248.8 -5.0 4’-0-G
SHF ND 270.4
S5HF-5-0-G ND 263.1 -7.3 5-0-G
5HF-5-0-S - - 5-O-S**
7THF 310.3 253.5
THF-7-O-G 305.6 -4.7 ND - 7-0-G
THF-7-0-S 300.8 -9.5" 248.8 7-0-S
5,4DHF 332.0 268.0
5,4’DHF-0-G1 332.0 No change 263.1 -4.9 5-0-G
5,4 DHF-O-G2 317.2 -14.8" 272.9 +4.9 4’-0-G
5,4’DHF-O-S 332.0 No change 263.1 -4.9 5-0-S
5,7DHF 315.1 267.7
5,7DHF-0-G1 305.6 -95 267.7 No change 7-0-G
5,7DHF-O-G2 315.1 No Change 262.9 -4.8 5-0-G
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Flavones/ UV Amax (nm) Position of
Glucuronides/ Band | | A Shift | Band 1 | A Shift Conjugation
Sulfates based on
Amax Shift
5,7DHF-0O-S 300.8 -14.3 267.7 No change 7-0-S
7,4’ DHF 334.1 258.2
7,4 DHF-0O-G1 329.4 -4.6" 258.2 | No Change 7-0-G
7,4’ DHF-0O-G1 315.1 -19.0 258.2 | No Change 4’-0-G
7,4’ DHF-O-S 324.6 -9.5" 258.2 | No Change 7-0-S
5,7,4°THF 334.8 267.7
5,74 THF-O-G1 - - 4’-0-G
5,7,4THF-O-G1 338.9 +4.1 267.7 | No Change 7-0-G
5,7,4 THF-O-S 338.9 +4.1 267.7 | No Change 7-0-S

* ND means not detected by the Empower software in the spectra

** Due to low concentration of sulfate of 5SHF, we could not get a good UV spectrum.

# Show deviation from diagnostic no change in Amax, probably as the concentration of these sulfates

and glucuronides was too small in sample and we could not get a good UV spectrum. Positions of

glucuronidation and sulfation were determined by the known reactivity of site of conjugation and rule

of elimination.
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Appendix C. UGT isoforms used to generate the glucuronides and the correction
factors (K) determined for the adjustment when quantifying glucuronides and
sulfates using the standard curve of their corresponding flavonoids in Caco-2 cell
transport and UGT “fingerprinting” studies.
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Table C1 UGT isoforms used to generate the glucuronides and the correction
factors (K) determined for the adjustment when quantifying glucuronides and
sulfates using the standard curve of their corresponding flavonoids in Caco-2 cell

transport and UGT “fingerprinting” studies.

Glucuronides/ UGT Isoforms used for Correction | Wavelength
Sulfates generating glucuronide Factor (K) (nm) used
Genistein-O-G 1A9 1 254
Naringenin-O-G 1A9 0.95 286
Naringenin-O-S - 17 286
Phlor-O-G1 1A1,1A8 1.37 286
Phlor-O-G2 1A6 1.67 286
Phlor-0-G3 1A1,1A8 1.1 286
Phlor-O-S - 1" 286
Kamp-7-O0-G 1A6, 1A7, 1A8, 1A9, 1A10 0.87 254
Kamp-4’-0-G 1A8, 1A10 1.55 254
Kamp-3-O-G 1A6, 1A7, 1A8, 1A9, 1A10 1.34 254
Kamp-7-O-S - 0.87* 254
5,7,4' THF-4’-O-G -- 1.0%* 340
5,7,4' THF-7-O-G 1A6 1.2 340
5,7,4’ THF-7-O-S -- 1.2* 340
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Table C2 UGT isoforms used to generate the glucuronides and the correction
factors (K) determined for the adjustment when quantifying glucuronides and

sulfates using the standard curve of their corresponding flavonols in Caco-2 cell

transport study and UGT “fingerprinting” studies.

Glucuronides/ UGT Isoforms used for | Correction | Wavelength
Sulfates generating glucuronide | Factor (K) (nm) used
3HF-3-0-G 1A7 0.5 254
3,4 DHF-4’-0-G 1A1 0.98 340
3,4 DHF-3-0-G 1A1, 1A9 0.925 340
3,4 DHF-4’-0-S -- 0.98* 340
3,7DHF-3-0-G 1A3, 1A7, 1A9 2.5 340
3,7DHF-7-0-G 1A3, 1A9 1.18 340
3,7DHF-7-0O-S -- 1.18* 340
3,5,7THF-3-0-G 1A3, 1A7, 1A8, 1A9, 1A10 0.84 263
3,5, 7THF-7-0-G 1A3, 1A8, 1A9, 1A10 0.67 263
3,5,7THF-5-0-G 1A3, 1A7, 1A8, 1A10 0.76 263
3,5,7THF-7-0-S - 0.67* 263
3,7,4’THF-7-O-G 1A1, 1A3, 1A8, 1A9, 2B7 1.15 340
3,7,4'THF-4’-O-G 1A1, 1A3, 1A8, 2B7 1.36 340
3,7,4'THF-3-0-G 1A1, 1A8, 1A9, 2B7 1.15 340
3,7,4THF-7-O-S -- 1.15* 340
3,5,7,4°QHF-7-0-G | 1A6, 1A7, 1A8, 1A9, 1A10 0.87 254
3,5,7,4'QHF-4’-O-G 1A8, 1A10 1.55 254
3,5,7,4°QHF-3-0-G | 1A6, 1A7, 1A8, 1A9, 1A10 1.34 254
3,5,7,4’QHF-7-O-S == 0.87* 254

* Based on almost overlapping spectra of sulfate and glucuronide of a flavonol which were conjugated at
the same positions, same correction factors were used for sulfates as determined for the glucuronides at the

corresponding positions.
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Table C3 UGT isoforms used to generate the glucuronides and the correction

factors (K) determined for the adjustment when quantifying glucuronides and

sulfates using the standard curve of their corresponding flavones in Caco-2 cell

transport study and UGT “fingerprinting” studies.

Glucuronides/ UGT Isoforms used for Correction | Wavelength
Sulfates generating glucuronide Factor (K) (nm) used
4’HF-4-O-G 1A1 1.17 320
5HF-5-0-G 1A1 0.82 268
5HF-5-0-S = 0.82* 268
7HF-7-0-G 1A3 0.92 310
7HF-7-O-S -- 0.92* 310
5,4’ DHF-5-0-G 1A1, 1A3, 1A9, 1A10 1.38 340
5,4’ DHF-4’-O-G 1A1, 1A3, 1A9, 1A10 0.97 340
5,7THF-5-0-G -- 1.0** 268
5,7THF-7-0-G 1A9, 1A10 0.72 268
5,7THF-7-0-S -- 0.72* 268
7,4’ DHF-7-O-G 1A1, 1A9, 1A10 1.08 340
7,4’ DHF-4’-O-G 1A1, 1A9, 1A10 1.0 340
7,4’ DHF-7-O-S -- 1.08* 340
5,7,4 THF-5-O-G -- 1.0%* 340
5,7,4 THF-7-O-G 1A6 1.2 340
5,74’ THF-7-O-S - 1.2* 340

* Based on almost overlapping spectra of sulfate and glucuronide of a flavone which were conjugated at the
same positions, same correction factors were used for sulfates as determined for the glucuronides at the

corresponding positions.

** Since the amount of these glucuronides formed using any UGT isoforms was very less, it was very
difficult to accurately calculate the correction factor for these glucuronides. Hence, the correction factors
for these glucuronides were assigned the default value of 1.
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Table C4 Correction factors (K) determined for the adjustment when quantifying

glucuronides using the standard curve of their corresponding flavonoids in UGT

“fingerprinting” studies.

Glucuronides* Correction | Wavelength
Factor (K) (nm) used
3,5-Dihydroxyflavone-3-O-G 0.44 263
3-Hydroxy-4’-methoxyflavone-3-O-G 0.51 340
3-Hydroxy-5-methoxyflavone-3- O-G 1.05 340
3-Hydroxy-6-methoxyflavone-3-O-G 1.06 340
3-Hydroxy-7-methoxyflavone-3-O-G 1.14 340
4’-Hydroxy-5-methoxyflavone-4’- O-G 1.03 340

*All glucuronides were generated using UGT1A9.
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Appendix D. UV Spectrum of aglycone and their respective glucuronide(s) for the

flavonoids used in in silico modeling but not in the published manuscript.
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Luteolin

T T T T T T T T T
200.00 220.00 240.00 260.00 280.00 300.00 320.00 340.00 360.00 380.00 40
nm

.00

339.5348 8351.3

T T T T T T T T T
.00 220.00 240.00 260.00 280.00 300.00 320.00 340.00 360.00 380.00 400.00
nm

5,4’-Dihydroxyflavone

5,6-Dihydroxyflavone

332.0
\ 832.0
P04.6 224.0
\ 317,2
YA\
268.0,7, g \
2634 //

NN
~391.0

LR N B e R B ey R S B B R S B e R
200.00 220.00 240.00 260.00 280.00 300.00 320.00 340.00 360.00 380.00
nm

T T T T T
30000 320.00 34000 360.00 380.00

nm

T T T T
00 220.00 24000 260.00 280.00 400.00

6,4’-Dihydroxyflavone

6,7-Dihydroxyflavone

T T T T T T T T T
.00 220.00 240.00 260.00 280.00 300.00 320.00 340.00 360.00 380.00 400.0(
nm

N
S
8

N

T T T T T T T T T
00.00 220.00 240.00 260.00 280.00 300.00 320.00 340.00 360.00 380.00 40

nm

349




Appendix D

5,4’-Dihydroxy-7-methoxyflavone
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Figure D1. UV Spectrum of flavonoids and their respective glucuronide(s)
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Appendix E. In silico pharmacophore modeling data for UGT1A8 and UGT1A9
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Table E1 Randomized Groups of Training (32 compounds) and Test (8 compounds) Sets of UGT1A8 Substrates

Randomized Grouping of Substrates into Training and Test Sets for UGT1A8 Modeling

Compounds I 1 i v \Y VI VIl VIII IX X
34'DHF Training | Test Training | Training | Training | Training | Training | Training | Training | Test
35DHF Training | Test Test Training | Test Training | Training | Test Training | Training
36DHF Training | Training | Training | Training | Training | Training | Training | Training | Test Training
37DHF Training | Training | Training | Training | Training | Training | Training | Training | Training | Training
54'DHF Training | Training | Training | Training | Training | Test Training | Training | Training | Training
S6DHF Test Test Training | Training | Training | Training | Training | Training | Training | Test
57DHF Training | Training | Training | Training | Training | Training | Training | Training | Training | Training
64'DHF Training | Training | Training | Training | Training | Training | Training | Training | Training | Test
67DHF Training | Training | Training | Test Training | Training | Test Test Training | Training
74'DHF Test Training | Training | Training | Training | Training | Training | Training | Training | Training

56DH7MF Training | Training | Training | Training | Training | Training | Training | Test Training | Training
57DM3HF Training | Test Training | Training | Training | Training | Training | Training | Training | Training
74'DM3HF Training | Training | Training | Training | Training | Training | Training | Training | Training | Training

Apigenin Training | Training | Training | Training | Training | Training | Training | Training | Training | Training
Kaempferol | Training | Test Training | Training | Training | Test Training | Training | Training | Training
Naringenin Training | Training | Training | Training | Training | Test Training | Training | Training | Training
Phloretin Training | Training | Training | Training | Training | Training | Training | Training | Training | Training
Genistein Training | Training | Test Test Training | Training | Test Training | Training | Test

Glycetin Training | Training | Training | Training | Training | Test Test Training | Training | Training
Prunetin Training | Training | Training | Training | Training | Training | Training | Training | Training | Training
3H4'MF Training | Training | Test Training | Training | Test Training | Training | Test Training
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Randomized Grouping of Substrates into Training and Test Sets for UGT1A8 Modeling

Compounds I 1 i v \Y VI VIl VIII IX X
3H6MF Training | Test Training | Training | Training | Training | Training | Training | Training | Training
3H7TMF Training | Training | Training | Training | Test Training | Training | Training | Training | Training
4'HTMF Training | Test Training | Test Training | Test Training | Training | Training | Training
6H4'MF Training | Training | Training | Training | Test Training | Training | Test Test Training
6H7MF Training | Training | Training | Training | Training | Training | Training | Training | Training | Training
7THA'MF Training | Training | Training | Training | Training | Test Training | Training | Training | Test
2'HF Test Training | Training | Training | Training | Training | Test Training | Training | Test
3HF Training | Training | Test Training | Test Training | Training | Test Training | Training
3'HF Test Test Training | Training | Training | Training | Test Training | Test Training
5HF Test Training | Training | Training | Test Training | Training | Training | Test Training
6HF Test Training | Training | Training | Test Training | Test Test Training | Test
THF Training | Training | Test Test Training | Training | Training | Test Training | Test
Galangin Training | Training | Test Training | Test Training | Training | Training | Training | Training
3,6,4'THF Training | Training | Test Test Training | Training | Training | Training | Training | Training
3H5MF Training | Training | Training | Test Training | Training | Training | Training | Test Training
Quercetin Training | Training | Training | Training | Training | Training | Test Training | Test Training
Luteolin Test Training | Training | Test Training | Test Training | Training | Training | Training
Baicalein Test Training | Training | Test Training | Training | Test Test Training | Training
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Table E2 Randomized Groups of Training (37 compounds) and Test (9 compounds) Sets of UGT1A9 substrates

Appendix E

Randomized Grouping of Substrates into Training and Test Sets for UGT1A9 Modeling

Compounds I 1 i \Y \Y Vi VIl VI IX X
34'DHF Training | Training | Training | Training | Test Training | Training | Test Training | Training
35DHF Training | Test Training | Training | Training | Training | Test Test Training | Training
36DHF Test Training | Test Training | Training | Training | Training | Test Training | Training
37DHF Training | Training | Training | Test Training | Test Training | Training | Training | Training
54'DHF Training | Training | Training | Test Training | Training | Training | Training | Test Test
56DHF Training | Training | Training | Training | Test Training | Test Training | Training | Training
57DHF Training | Training | Training | Training | Training | Training | Training | Training | Training | Training
64'DHF Training | Training | Test Training | Training | Training | Training | Test Test Test
67DHF Test Test Test Training | Training | Training | Training | Training | Training | Training
74'DHF Test Training | Training | Test Training | Training | Training | Training | Training | Test
54'DH7MF Test Training | Training | Training | Training | Training | Training | Training | Training | Training
56DH7MF Training | Test Training | Test Training | Training | Test Training | Training | Training
57DM3HF Training | Training | Training | Training | Training | Training | Test Training | Training | Training
74'DM3HF Training | Training | Training | Test Training | Training | Training | Training | Training | Training
Apigenin Training | Training | Training | Test Training | Training | Training | Training | Test Training
kaempferol Training | Training | Training | Test Training | Training | Training | Training | Test Training
naringenin Training | Training | Training | Training | Training | Training | Training | Training | Training | Test
phloretin Test Training | Training | Training | Training | Training | Training | Training | Training | Test
Biochanin A Training | Training | Training | Training | Training | Training | Training | Training | Training | Training
Diadzein Training | Training | Training | Training | Training | Training | Training | Training | Training | Training
Genistein Training | Training | Test Training | Test Test Training | Training | Training | Training
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Glycetin Training | Training | Training | Training | Training | Training | Training | Training | Training | Test
Prunetin Training | Training | Training | Training | Training | Training | Training | Training | Training | Training
Randomized Grouping of Substrates into Training and Test Sets for UGT1A9 Modeling

Compounds [ 1 i v \Y Vi VII VI IX X

3H4'MF Training | Training | Training | Training | Training | Test Training | Training | Test Training
3H6MF Training | Training | Training | Training | Training | Test Training | Training | Training | Training
3H7MF Test Training | Test Training | Training | Training | Training | Training | Training | Training
4'H6MF Training | Test Training | Training | Training | Training | Training | Training | Training | Training
4'HTMF Training | Training | Training | Training | Test Training | Test Test Training | Training
SH7MF Training | Training | Training | Training | Training | Test Test Test Training | Training
6H4'MF Training | Training | Training | Training | Training | Test Test Training | Test Training
6H7MF Training | Test Training | Test Training | Training | Training | Training | Training | Training
7TH4A'MF Training | Training | Training | Test Training | Training | Test Test Training | Test

2'HF Test Training | Training | Training | Test Training | Training | Training | Training | Training
3HF Test Training | Test Training | Training | Test Training | Test Training | Training
3'HF Test Training | Training | Training | Test Test Training | Training | Training | Training
4'HF Training | Training | Test Training | Training | Training | Training | Training | Training | Training
SHF Training | Training | Training | Training | Test Training | Training | Test Test Training
6HF Training | Training | Training | Training | Test Training | Training | Training | Training | Training
THF Training | Test Training | Training | Test Training | Training | Training | Test Training
Resokaempferol | Training | Training | Training | Training | Training | Training | Training | Training | Training | Training
Galangin Training | Test Training | Training | Training | Training | Training | Training | Training | Test

3,6,4'THF Training | Test Training | Training | Training | Training | Training | Training | Training | Test

3H5MF Training | Test Test Training | Training | Training | Test Training | Training | Training
Quercetin Training | Training | Test Training | Training | Training | Training | Training | Test Training

355




Appendix E

Compounds I 1 i \Y/ V VI VIl VIl IX X
Luteolin Training | Training | Training | Training | Training | Test Training | Training | Training | Training
Baicalein Training | Training | Training | Training | Training | Training | Training | Training | Training | Training
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Table E3 Prediction of training and test set compounds by pharmacophore of

Group 11
Experimental | Designated | Estimated | Predicted | FIT
Compound Clint Class Clint Class Value
Training Set
3,7DHF 2.69E+07 I 1.28E+06 I 2.10
Kaempferol 2.95E+06 I 1.27E+06 I 2.09
3,6DHF 2.21E+06 I 3.95E+05 I 1.59
Baicalein 1.99E+06 I 1.26E+06 I 2.09
5,7DHF 1.82E+06 I 1.23E+06 I 2.08
Quercetin 1.49E+06 I 1.24E+06 I 2.08
Luteolin 1.30E+06 I 1.17E+06 I 2.06
3HF 7.30E+05 [ 3.96E+05 | 1.59
3H7TMF 7.19E+05 I 3.95E+05 I 1.59
Apigenin 6.85E+05 I 1.24E+06 I 2.08
7,4'DM3HF 6.10E+05 [ 3.89E+05 | 1.58
3,4'DHF 5.43E+05 [ 3.93E+05 | 1.58
Naringenin 4.78E+05 I 1.20E+06 I 2.07
Glycetin 4.59E+05 | 2.22E+05 I 1.34
Resokaempferol 4.20E+05 I 1.27E+06 I 2.09
6,4'DHF 3.13E+05 I 3.95E+05 I 1.59
3HE6MF 3.13E+05 I 3.80E+05 I 1.57
Genistein 3.13E+05 | 2.10E+05 I 1.31
3H4A'MF 2.93E+05 1 3.88E+05 I 1.58
Diadzein 2.93E+05 1 2.08E+05 ] 1.31
5,6DHF 2.88E+05 1 3.85E+05 I 1.58
5,4'DHF 2.19E+05 I 1.15E+05 I 1.05
3'HF 1.90E+05 1 1.17E+05 1 1.06
2'HF 1.74E+05 1 3.95E+05 I 1.59
Phloretin 1.68E+05 I 3.83E+05 | 1.57
7,4'DHF 1.29E+05 1 1.23E+06 I 2.08
S5HF 1.16E+05 1 1.16E+05 1 1.05
5,7DM3HF 1.04E+05 I 3.95E+05 | 1.59
4'HF 9.43E+04 I 1.15E+05 I 1.05
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Prunetin 8.33E+04 ] 2.24E+05 ] 1.34
THA'MF 8.20E+04 I 1.17E+06 | 2.06
Biochanin A 5.95E+04 ] 2.35E+05 ] 1.36
5,4'DH7MF 4.95E+04 1 3.84E+05 I 1.57

Experimental | Designated | Estimated | Predicted | FIT
Compound Clint Class Clint Class Value
6HF 3.86E+04 I 1.16E+05 I 1.06
SH7MF 2.29E+04 I 3.85E+05 | 1.58
6H4'MF 1.87E+04 1 3.82E+05 I 1.57
4'H7TMF 1.73E+04 I 3.80E+05 | 1.57
Predictive ability 64.86

Test Set

Galangin 1.47E+06 I 1.29E+06 I 2.10
6,7DHF 3.80E+05 I 1.26E+06 I 2.09
3,6,4'THF 5.65E+05 | 6.81E+05 | 1.82
5,6DH7MF 1.96E+05 1 2.81E+05 ] 1.44
6H7MF 1.28E+05 I 2.52E+05 I 1.39
4"H6MF 6.62E+03 I 2.24E+05 I 1.34
3H5MF 4. 76E+05 I 6.51E+04 ] 0.80
3,5DHF 6.10E+05 I 5.98E+04 ] 0.77
Predictive ability 66.67
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Table E4 Prediction of training and test set compounds by pharmacophore of

Group 111
Experimental | Designated | Estimated | Predicted | FIT
Compound Clint Class Clint Class | Value
Training Set
3,7DHF 2.69E+07 I 1.30E+06 I 3.52
Kaempferol 2.95E+06 I 1.23E+06 I 3.50
Baicalein 1.99E+06 I 1.30E+06 I 3.53
5,7DHF 1.82E+06 I 1.18E+06 I 3.48
Galangin 1.47E+06 I 1.28E+06 I 3.52
Luteolin 1.30E+06 I 1.09E+06 I 3.45
Apigenin 6.85E+05 I 1.27E+06 I 3.51
7,4'DM3HF 6.10E+05 I 1.29E+05 ] 2.52
3,5DHF 6.10E+05 I 1.29E+05 I 2.52
3,6,4'THF 5.65E+05 I 3.28E+05 I 2.93
3,4'DHF 5.43E+05 I 2.88E+05 ] 2.87
7THF 5.21E+05 I 1.32E+05 ] 2.53
Naringenin 4.78E+05 I 1.34E+06 I 3.54
Glycetin 4.59E+05 I 1.25E+05 ] 2.51
Resokaempferol 4.20E+05 I 1.21E+06 I 3.49
3HE6MF 3.13E+05 I 1.30E+05 I 2.52
3H4A'MF 2.93E+05 1 1.30E+05 I 2.52
Diadzein 2.93E+05 ] 1.29E+05 ] 2.52
5,6DHF 2.88E+05 1 1.30E+05 I 2.52
5,4'DHF 2.19E+05 1 1.07E+05 I 2.44
5,6DH7MF 1.96E+05 ] 1.27E+05 ] 2.51
3'HF 1.90E+05 ] 1.28E+05 ] 2.52
2'HF 1.74E+05 1 1.32E+05 I 2.53
Phloretin 1.68E+05 1 1.99E+05 Il 2.71
7,4'DHF 1.29E+05 ] 1.16E+06 I 3.48
6H7MF 1.28E+05 1 1.29E+05 ] 2.52
S5HF 1.16E+05 1 1.08E+05 ] 2.44
5,7DM3HF 1.04E+05 ] 1.30E+05 ] 2.53
Prunetin 8.33E+04 I 1.11E+05 Il 2.46
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7H4'MF 8.20E+04 I 1.04E+06 I 3.43
Biochanin A 5.95E+04 Il 1.18E+05 Il 2.48
5,4'DH7MF 4.95E+04 1 2.42E+05 1 2.79
6HF 3.86E+04 1 1.22E+05 1 2.50

Experimental | Designated | Estimated | Predicted | FIT
Compound Clint Class Clint Class | Value
S5H7MF 2.29E+04 I 1.28E+05 I 2.52
6H4'MF 1.87E+04 I 1.23E+05 I 2.50
4'H7TMF 1.73E+04 1 2.12E+05 1 2.74
4'H6MF 6.62E+03 ] 2.55E+05 ] 2.82
Predictive ability 78.38

Test Set

Quercetin 1.49E+06 I 1.64E+06 I 3.63
Genistein 3.13E+05 I 1.22E+06 I 3.50
6,7DHF 3.80E+05 I 1.20E+06 I 3.49
3,6DHF 2.21E+06 I 3.29E+05 I 2.93
6,4'DHF 3.13E+05 I 3.29E+05 I 2.93
3H7TMF 7.19E+05 I 2.10E+05 ] 2.73
3HF 7.30E+05 I 1.26E+04 I 1.51
4'HF 9.43E+04 1 6.25E+03 I 1.21
3H5MF 4.76E+05 I 7.55E+02 ] 0.29
Predictive ability 66.67
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Table E5 Prediction of training and test set compounds by pharmacophore of

Group V
Experimental | Designated | Estimated | Predicted | FIT
Compound Clint Class Clint Class | Value
Training Set
3,7DHF 2.69E+07 I 1.48E+06 I 2.07
Kaempferol 2.95E+06 I 1.48E+06 I 2.07
3,6DHF 2.21E+06 I 3.02E+05 I 1.38
Baicalein 1.99E+06 I 1.09E+06 I 1.94
5,7DHF 1.82E+06 I 1.19E+06 I 1.98
Quercetin 1.49E+06 I 1.48E+06 I 2.07
Galangin 1.47E+06 I 1.48E+06 I 2.07
Luteolin 1.30E+06 I 1.19E+06 I 1.98
3HF 7.30E+05 I 2.85E+05 1 1.35
3H7TMF 7.19E+05 I 3.02E+05 I 1.38
Apigenin 6.85E+05 I 1.05E+06 I 1.92
7,4'DM3HF 6.10E+05 I 3.02E+05 I 1.38
3,5DHF 6.10E+05 I 3.01E+05 I 1.38
3,6,4'THF 5.65E+05 I 3.02E+05 I 1.38
Naringenin 4.78E+05 I 1.42E+06 I 2.05
3H5MF 4. 76E+05 I 2.85E+05 I 1.36
Glycetin 4.59E+05 I 3.02E+05 I 1.38
Resokaempferol 4.20E+05 I 1.48E+06 I 2.07
6,7DHF 3.80E+05 I 1.20E+06 I 1.98
6,4'DHF 3.13E+05 I 2.90E+05 I 1.36
3H6MF 3.13E+05 I 2.69E+05 Il 1.33
Diadzein 2.93E+05 1 3.02E+05 I 1.38
3H4A'MF 2.93E+05 1 2.85E+05 I 1.35
5,4'DHF 2.19E+05 1 1.38E+05 I 1.04
5,6DH7MF 1.96E+05 1 3.02E+05 I 1.38
Phloretin 1.68E+05 Il 3.02E+05 I 1.38
7,4'DHF 1.29E+05 1 1.19E+06 I 1.97
6H7MF 1.28E+05 1 2.58E+05 ] 1.31
5,7DM3HF 1.04E+05 1 3.02E+05 I 1.38
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4'HF 9.43E+04 I 1.67E+05 I 1.12
Prunetin 8.33E+04 I 2.98E+05 I 1.37
7H4'MF 8.20E+04 1 1.32E+06 I 2.02
Biochanin A 5.95E+04 I 3.02E+05 I 1.38
Experimental | Designated | Estimated | Predicted | FIT

Compound Clint Class Clint Class | Value

Training Set 4.95E+04 Il 3.01E+05 I 1.38
S5H7MF 2.29E+04 I 3.01E+05 I 1.38
6H4'MF 1.87E+04 1 2.52E+05 1 1.30
4'H6MF 6.62E+03 ] 2.82E+05 ] 1.35
Predictive ability 64.86

Test Set

5,6DHF 2.88E+05 1 5.67E+05 I 1.65
3,4'DHF 5.43E+05 I 4.66E+05 I 1.57
Genistein 3.13E+05 I 4.61E+05 I 1.56
4'H7TMF 1.73E+04 1 4.28E+05 I 1.53
S5HF 1.16E+05 ] 1.47E+05 ] 1.07
2'HF 1.74E+05 ] 1.35E+05 ] 1.03
6HF 3.86E+04 1 1.11E+05 I 0.95
3'HF 1.90E+05 1 3.10E+04 I 0.39
Predictive ability 66.67
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Table E6 Prediction of training and test set compounds by pharmacophore of

Group IX

Experimental | Designated | Estimated | Predicted | FIT

Compound Clint Class Clint Class Value
Training Set

3,7DHF 2.69E+07 | 1.07E+06 I 2.16
3,6DHF 2.21E+06 I 2.89E+05 1 1.59
Baicalein 1.99E+06 I 1.01E+06 I 2.13
5,7/DHF 1.82E+06 | 1.06E+06 I 2.15
Galangin 1.47E+06 I 1.06E+06 I 2.16
Luteolin 1.30E+06 I 1.27E+06 I 2.23
3HF 7.30E+05 | 2.86E+05 1 1.59
SH7MF 7.19E+05 | 2.84E+05 1 1.58
7,4'DM3HF 6.10E+05 I 2.87E+05 I 1.59
3,5DHF 6.10E+05 I 2.85E+05 I 1.58
3,6,4'THF 5.65E+05 [ 6.56E+05 I 1.95
3,4'DHF 5.43E+05 [ 6.34E+05 I 1.93
Naringenin 4.78E+05 I 1.52E+06 I 2.31
3H5MF 4.76E+05 | 2.88E+05 1 1.59
Glycetin 4.59E+05 I 4.24E+05 I 1.76
Resokaempferol 4.20E+05 I 1.10E+06 I 2.17
6,7DHF 3.80E+05 I 1.01E+06 I 2.13
3H6MF 3.13E+05 | 2.91E+05 1 1.59
Genistein 3.13E+05 I 2.87E+05 I 1.59
Diadzein 2.93E+05 1 2.87E+05 Il 1.59
5,6DHF 2.88E+05 I 2.21E+05 1 1.47
5,6DH7MF 1.96E+05 I 2.49E+05 1 1.53
3'HF 1.90E+05 1 2.78E+05 I 1.57
2'HF 1.74E+05 1 2.92E+05 I 1.59
Phloretin 1.68E+05 I 6.40E+05 I 1.94
7,4'DHF 1.29E+05 1 1.11E+06 I 2.18
6H7MF 1.28E+05 1 1.83E+05 ] 1.39
5,7DM3HF 1.04E+05 I 2.91E+05 1 1.59
4'HF 9.43E+04 I 2.04E+05 1 1.44
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Prunetin 8.33E+04 1 2.88E+05 I 1.59
7H4'MF 8.20E+04 1 1.19E+06 I 2.21
Biochanin A 5.95E+04 1 4,93E+05 Il 1.82
5,4'DH7MF 4.95E+04 1 2.55E+05 1 1.54

Experimental | Designated | Estimated | Predicted | FIT
Compound Clint Class Clint Class Value
6HF 3.86E+04 1 2.07E+05 I 1.45
S5H7MF 2.29E+04 1 2.51E+05 I 1.53
4'H7TMF 1.73E+04 1 2.44E+05 1 1.52
4'H6MF 6.62E+03 1 2.46E+05 ] 1.52
Predictive ability 72.97

Test Set

Quercetin 1.49E+06 I 1.58E+06 I 2.33
Apigenin 6.85E+05 I 1.55E+06 I 2.32
Kaempferol 2.95E+06 I 1.48E+06 I 2.30
7THF 5.21E+05 I 1.46E+06 I 2.30
6H4'MF 1.87E+04 1 6.64E+05 I 1.95
6,4'DHF 3.13E+05 I 5.28E+05 I 1.85
5,4'DHF 2.19E+05 1 4.58E+05 I 1.79
3H4'MF 2.93E+05 1 7.30E+04 I 0.99
S5HF 1.16E+05 1 1.02E+04 ] 0.14
Predictive ability 77.78
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Table E7 Prediction of training and test set compounds by pharmacophore of

Group X

Experimental | Designated | Estimated | Predicted | FIT

Compound Clint Class Clint Class | Value
Training Set

3,7DHF 2.69E+07 I 1.99E+06 I 2.54
Kaempferol 2.95E+06 I 2.00E+06 I 2.54
3,6DHF 2.21E+06 I 2.85E+05 1 1.70
Baicalein 1.99E+06 I 1.40E+06 I 2.39
5,7DHF 1.82E+06 I 1.53E+06 I 2.42
Quercetin 1.49E+06 I 2.00E+06 I 2.54
Luteolin 1.30E+06 I 1.53E+06 I 2.42
3HF 7.30E+05 I 2.65E+05 ] 1.66
3H7TMF 7.19E+05 I 2.86E+05 I 1.70
Apigenin 6.85E+05 I 1.37E+06 I 2.38
7,4'DM3HF 6.10E+05 I 2.91E+05 ] 1.70
3,5DHF 6.10E+05 I 2.86E+05 I 1.70
3,4'DHF 5.43E+05 I 2.86E+05 I 1.70
7THF 5.21E+05 I 4.83E+05 I 1.92
3H5MF 4.76E+05 I 2.69E+05 ] 1.67
Resokaempferol 4.20E+05 I 1.99E+06 I 2.54
6,7DHF 3.80E+05 I 1.53E+06 I 2.42
3H6MF 3.13E+05 I 2.72E+05 ] 1.67
Genistein 3.13E+05 I 1.84E+05 I 1.51
Diadzein 2.93E+05 1 2.63E+05 Il 1.66
3HA'MF 2.93E+05 ] 1.93E+05 ] 1.53
5,6DHF 2.88E+05 1 2.41E+05 I 1.62
5,6DH7MF 1.96E+05 1 2.34E+05 I 1.61
3'HF 1.90E+05 ] 1.21E+05 ] 1.32
2'HF 1.74E+05 ] 2.69E+05 ] 1.67
6H7MF 1.28E+05 1 2.37E+05 ] 1.61
S5HF 1.16E+05 1 1.21E+05 ] 1.32
5,7DM3HF 1.04E+05 ] 2.85E+05 ] 1.69
4'HF 9.43E+04 I 1.52E+05 I 1.42
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Prunetin 8.33E+04 I 1.75E+05 I 1.48
Biochanin A 5.95E+04 Il 3.06E+05 I 1.73
5,4'DH7MF 4.95E+04 1 2.94E+05 ] 1.71
6HF 3.86E+04 1 1.27E+05 ] 1.34

Experimental | Designated | Estimated | Predicted | FIT
Compound Clint Class Clint Class | Value
S5H7MF 2.29E+04 I 2.35E+05 I 1.61
6H4'MF 1.87E+04 I 2.34E+05 I 1.61
4'H7TMF 1.73E+04 1 2.89E+05 ] 1.70
4'H6MF 6.62E+03 ] 2.38E+05 ] 1.62
Predictive ability 72.97

Test Set

Naringenin 4.78E+05 I 2.06E+06 I 2.55
Galangin 1.47E+06 I 2.06E+06 I 2.55
7H4'MF 8.20E+04 ] 2.04E+06 I 2.55
7,4'DHF 1.29E+05 1 2.04E+06 I 2.55
Phloretin 1.68E+05 Il 1.75E+06 I 2.48
3,6,4'THF 5.65E+05 I 5.65E+05 I 1.99
Glycetin 4,59E+05 I 4,.96E+05 I 1.94
6,4'DHF 3.13E+05 I 4.23E+05 I 1.87
5,4'DHF 2.19E+05 ] 6.72E+04 ] 1.07
Predictive ability 66.67
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Appendix F. Time course of apical and basolateral excretion of regiospecific
glucuronides, total glucuronide and sulfates conjugates of flavonoids in the Caco-2

cell culture model.
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Figure F1. Time course of excretion of conjugates of five flavonoids in the Caco-2
cell culture model, apical glucuronides, basolateral glucuronides (b), apical sulfate
(c), and basolateral sulfate (d). Amount of glucuronides and sulfate excreted on AP and
BL side during AP (pH =7.4) to BL (pH =7.4) transport of flavonoids in the Caco-2 cell
monolayer at 37°C. The incubation time points for apigenin was 1, 1.5, 2 and 3 hrs; for
kaempferol was 0.5, 1, 1.5 and 2 hrs; and 1, 2, 3 and 4 hrs for genistein, naringenin and
phloretin. The flavones concentration in the donor solution was 10puM. Each data point
represented the average of three determinations, and the error bars were the standard
deviations of the means.
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a ;. Excretion of Glucuronides of Apigenin
E AAP-7-O-Glu  OBL-7-O-Glu
< 6
E ¢
© EAP-4-O-Glu ®BL-4'-0-Glu
< 4
Lﬁ 1 @
g B _
=] A
@ - =
A
0 . g B L] . '
0 05 1 15 2 25 3
Time (h)
b 6 - Excretion of Glucuronides of Phloretin
=
£ * AP-O-Glul AAP-O-Glu2
B 41 ear-0Glu3 mBL-O-Glul A
[<5)
S
L>u‘2 ABL-O-Glu2 OBL-0-Glu3 A
% 2 A % -
g A
< & ) g
' Q e e
[ J
0 : . . ,
0 1 2 3 4
Time (h)
C 4 Excretion of Glucuronides of Kaempferol
=)
g * AP-3-0-G A AP-7-0-G
2 ® AP-4'-0-G EBL-3-0-G {
(&)
S 21 OBL70OG OBL-4'-0-G {
4 4
: 4
IS 4 ® ]
< @ H °
0 ° . . )
0 05 1 15 2
Time (h)

Figure F2. Time course of apigenin (a), phloretin (b), and kaempferol (c) multiple
glucuronides excretion in the Caco-2 cell culture model. Amount of individual
glucuronides excreted on apical (AP) and basolateral (BL) side during AP (pH =7.4) to
BL (pH =7.4) transport of flavones in the Caco-2 cell monolayer at 37°C. The incubation
time points for apigenin was 1, 1.5, 2 and 3 hrs; for kaempferol was 0.5, 1, 1.5 and 2 hrs;
and 1, 2, 3 and 4 hrs for genistein, naringenin and phloretin. The flavones concentration
in the donor solution was 10uM. Each data point represented the average of three
determinations, and the error bars were the standard deviations of the means.
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Figure F3. Time course of excretion of conjugates of six flavonols in the Caco-2 cell
culture model, apical glucuronides, basolateral glucuronides (b), apical sulfate (c),
and basolateral sulfate (d). Amount of glucuronides and sulfate excreted on AP and BL
side during AP (pH =7.4) to BL (pH =7.4) transport of flavonols in the Caco-2 cell
monolayer at 37°C. The incubation time points for 3,7,4’THF were 1, 2, 3 and 4 hrs while
for all other flavones were 0.5, 1, 1.5 and 2 hrs. The flavonols concentration in the donor
solution was 10uM. Each data point represented the average of three determinations, and
the error bars were the standard deviations of the means.
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Figure F4. Time course of 3,4’DHF (a), 3,7DHF (b), 3,7,4°’THF (c), 3,5,7THF (d) and
3,5,7,4’QHF (e) regiospecific glucuronides excretion in the Caco-2 cell culture
model. Amount of individual glucuronides excreted on apical (AP) and basolateral (BL)
side during AP (pH =7.4) to BL (pH =7.4) transport of flavones in the Caco-2 cell
monolayer at 37°C. The incubation time points for 3,7,4’THF were 1, 2, 3 and 4 hrs while
for all other flavones were 0.5, 1, 1.5 and 2 hrs. The flavonols concentration in the donor
solution was 10uM. Each data point represented the average of three determinations, and
the error bars were the standard deviations of the means.
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Figure F5. Time course of excretion of conjugates of seven flavones in the Caco-2
cell culture model, apical glucuronides, basolateral glucuronides (b), apical sulfate
(c), and basolateral sulfate (d). Amount of glucuronides and sulfate excreted on AP and
BL side during AP (pH =7.4) to BL (pH =7.4) transport of flavonols in the Caco-2 cell
monolayer at 37°C. The incubation time points for 5,7DHF and 5,7,4’THF were 1, 1.5, 2
and 3 hrs and 1, 2, 3 and 4 hrs for other compounds. The flavones concentration in the
donor solution was 10uM (5uM for 5HF). Each data point represented the average of
three determinations, and the error bars were the standard deviations of the means.
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Figure F6. Time course of 57DHF (A), 74’DHF (B), and 574THF (C)
regiospecific glucuronides excretion in the Caco-2 cell culture model. Amount of
individual glucuronides excreted on apical (AP) and basolateral (BL) side during AP (pH
=7.4) to BL (pH =7.4) transport of flavones in the Caco-2 cell monolayer at 37°C. The
incubation time points for 7,4’DHF were 1, 2, 3 and 4 hrs, whereas for 5,7DHF and
5,7,4’THF were 1, 1.5, 2 and 3 hrs. The flavones concentration in the donor solution was
10uM. Each data point represented the average of three determinations, and the error bars
were the standard deviations of the means.
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Appendix G. Rates of formation of apigenin-7-O-sulfate with recombinant human

SULT isoforms
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Figure G1. Rates of formation of apigenin-7-O-sulfate with recombinant human
SULT isoforms. Apigenin at 10uM concentration was incubated at 37°C for 8 hours with
different SULT isoforms, 1A1*2, 1A2*1, 1A3, 1E1 or 2A1 (final protein concentration ~
0.015 mg/ml) in presence of 0.3mM of magnesium chloride and 0.1 mM of 3’-
phosphoadenosine-5’-phoshosulfate (PAPS) as co-factor. The rates of formation of
apigenin sulfate was calculated as the amount of sulfate formed (nmol) per hr per mg of
protein. Each bar represents the average of three determinations, and the error bars are the
standard deviations of the means (n=3) (Curtsey of Dr. Wei Zhu).
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Appendix H. Permission letter from ASPET for re-printing Figure 2
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