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APPLICATIONS OF FLAVONOIDS ANALYSIS IN PHARMACEUTICAL AND
HORTICULTURAL STUDIES
ABSTRACT
By Karina R. Vega-Villa, Ph.D.
Washington State University
May 2009
Chair: Dr. Neal M. Davies

High-performance liquid chromatographic (HPLC) methods were validated for the
determination of homoeriodictyol, isosakuranetin, and taxifolin enantiomers in biological
matrices. The quantification and racemization of these flavonoids in lemon, Yerba Santa,
grapefruit, tu-fu-ling, tomato, and apple was accomplished.

The validated HPLC methods were applied in studying the pharmacokinetics of
homoeriodictyol, isosakuranetin, and taxifolin in a rodent animal model. Their stereoisomers
were detected in serum and urine of rats primarily as glucuro-conjugates. Different
pharmacokinetic parameters were observed for each stereoisomeric form for all three
xenobiotics including: half-life, total clearance, volume of distribution, and area under the
curve.

To assess cytotoxicity, a variety of cancer cell lines were treated with racemic and
stereoisomeric homoeriodictyol, isoskuranetin, and taxifolin. (+/-)-Isosakuranetin was most
effective in cell growth inhibition of all cell lines studied. To assess amelioration of
inflammation in an in vitro colitis model, colon adenocarcinoma cells were treated with the
three flavonoids. Inflammation was induced and prostaglandin E; (PGE;) release was

measured. The flavonoids exhibited a concentration-dependent reduction in PGE; levels. The

three flavonoids were also assessed for their antioxidant capacity; and cyclooxygenases and



histone deacetylase inhibitory activities. To evaluate experimental reduction of adipogenesis,
pre-adipocytes were treated with the flavonoids. Differentiation was induced and triglyceride
accumulation was assessed. The flavonoids showed concentration-dependent inhibition of
triglyceride accumulation.

Using an alternative HPLC method of analysis, separation and quantification of
various polyphenols in tomatoes and apples was achieved. Concentrations of polyphenols
were measured with higher concentrations found in peel. The pharmacological activity of
apple extracts was subsequently examined. Peel extracts demonstrated cell growth inhibition;
reduction of inflammatory markers in experimental arthritis and colitis models; anti-oxidant
activity; and inhibition of triglyceride accumulation in adipocytes.

In conclusion, the developed HPLC methods for the chiral flavonoids were sensitive,
and stereospecific. Stereospecific assessment of the quantity of these flavonoids in selected
fruit was also achieved. Stereoisomers of homoeriodictyol, isosakuranetin, and taxifolin were
functionally distinct; enantio-specific pharmacokinetics and pharmacological activities were
observed. Furthermore, analysis of polyphenol content was successfully achieved in tomatoes
and apples; and the pharmacological activity of selected apple extracts demonstrated potential

phytopreventive health benefits that require further experimental scrutinity.
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1 Literature Review and Background

1.1 INTRODUCTION

This section reviews the chemical structures, biosynthetic pathway, and natural
sources of three chiral flavonoids; two flavanones: homoeriodictyol and isosakuranetin, and
one dihydroflavonol: taxifolin. In addition, a synopsis of the current knowledge of
stereospecific methods of separation, the pharmacological activity, and pharmacokinetic

studies of these three chiral flavonoids is also presented.



1.2 BACKGROUND

It has been reported that 5,000-10,000 compounds are screened before a single drug
makes it to the market, and on average, it takes 10-15 years to develop a single drug [1]. Of
the successfully developed drugs, 60% have a natural origin, either as modified or unmodified
drug entities, or as a model for synthetic drugs — not all of them used for human diseases —,
and it is estimated that 5-15% of the approximately 250,000-750,000 species of higher plants
have been systematically screened for bioactive compounds [2]. Structure activity relationship
(SAR) programs are generally employed to improve the chances of phytochemicals being
developed as drug entities [3]. Further studies to develop more drugs of natural origin have
been limited in part due to their structural complexity which is sometimes incompatible with
high throughput formats of drug discovery and high extraction costs [1]. The potentially long
resupply time and unforeseen political reasons such as warfare in developing nations also
limits development of plant-based drugs [3]. As a result, plants remain and represent a
virtually untouched reservoir of potential novel compounds. Nevertheless, the number of
drugs developed each year based on natural products has remained constant over the last 22
years [3].

An understanding of the biosynthesis of natural compounds will enable researchers to
further investigate possible therapeutic uses based on the activity of phytochemicals in plants.
Plant chemicals are often given the moniker “phytochemicals”, and can be classified either as
primary or secondary metabolites [4]. Primary metabolites are widely distributed in nature,
and are needed for physiological development in plants. On the other hand, secondary
metabolites, are derived from the primary metabolites, are limited in distribution in the plant
kingdom, and are restricted to a particular taxonomic group (Fig. 1.1). Secondary metabolites

usually play an ecological role, for example, they act as pollinator attractants, are involved in



chemical defense, they often are end products from chemical adaptations to environmental
stresses, or are synthesized in specialized cell types at different developmental stages of plant

development or during disease or induced by sun-light [4].
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Figure 1.1. Biosynthetic origin of some plant derived compounds. Major groups of secondary
metabolites are indicated by boxes. Adapted from Balandrin M and Klocke JA, 1985

Allelochemicals are phytotoxic compounds produced by higher plants that include
flavonoids. Like other secondary metabolites, flavonoids have complex structures where
multiple chiral centers are common [4]. A review of the basic chemistry of chiral compounds
is necessary to facilitate the comprehensive understanding of future chapters in this thesis.

Flavonoids consist of a C;s unit with two benzene rings A and B connected by a three carbon



chain (Fig. 1.2). This chain is closed in most flavonoids, forming the heterocyclic ring C;
however, chalcones and dihydrochalcones present as an open ring system [5]. Depending on
the oxidation state of the C-ring and on the connection of the B ring to the C ring [6],
flavonoids can be classified into various subclasses. Flavonoids can undergo hydroxylation,
methylation, glycosylation, acylation, prenylation, and sulfonation; these basic chemical
metabolic substitutions generate the different subclasses: flavanols, flavanones, flavones,
isoflavones, flavonols, dihydroflavonols, and anthocyanidins [5,6]. Flavonoids in nature are
naturally most often found as glycosides and other conjugates; likewise, many flavonoids are

polymerized by plants themselves or as a result of food processing [6].

OH O

Figure 1.2. Basic chemical structure and numbering pattern of flavonoids. Adapted from
Stafford HA, 1990.

Flavonoids are consumed in the human diet; the calculated flavonoid intake varies
among countries since cultural dietary habits, available flora and weather influence what food
is consumed; and therefore, the amount and subclasses of flavonoids ingested [6]. However,
in the Western diet the overall amount of flavonoids consumed on a daily basis is likely in the
milligram range. It has been determined that the consumption of selected subclasses of
flavonoids may be more important in determining health benefits than the total flavonoid

intake. The content of flavonoids is also potentially influenced by food processing and storage



conditions, which can result in transformation of flavonoids, and loss of flavonoid content [6].

The importance of considering the chiral nature of naturally occurring compounds and
xenobiotics has been previously reviewed by Yéiez, et al. [7]. Chirality of flavonoids was
first acknowledged by Krause and Galensa’s studies in the early 1980’s [8-10]. Chirality plays
an important role in biological activity; disciplines like agriculture, nutrition, and
pharmaceutical sciences have long recognized the existence of natural chiral compounds;
however, developed methods of analysis have often failed to stereospecifically separate and
discriminate compounds into their respective antipodes. The advantage of chiral separation
methods includes a more thorough appreciation of the stereospecific disposition of natural
compounds including flavonoids. Moreover, the lack of configurational stability is a common
issue with chiral xenobiotics. Some chiral flavonoids have been reported to undergo non-
enzymatic interconversion of one stereoisomer into another in isomerization processes such as
racemization and enantiomerization [7]. Racemization refers to the conversion of an enantio-
enriched substance into a mixture of enantiomers. Alternatively, enantiomerization refers to a
reversible interconversion of enantiomers. The importance of isomerization in stereospecific
chromatography as well as in the pharmaceutical manufacturing process has been described
[7]. Therefore, the development of chiral methodology to analyze this kind of xenobiotics is
necessary.

The study of the stereochemistry of flavonoids comprises mainly C-2 and C-3;
nevertheless, the majority of natural flavonoids possess only one stereochemical isomer at the
C-2 position. C-2 and C-3 act as chiral centers of dihydroxyflavonols and are important in
flavonoid metabolism. Nomenclature of flavonoids with two chiral centers remains a topic of

debate since the use of symbolism (+/-) or 2,3-cis or —trans seems to be inadequate to



describe four possible enantiomers [11]. It is also argued that the R, S nomenclature for
absolute configuration is confusing for flavonoids because the designation of R or S changes
at C-2 depend on the priority of neighboring groups, even though the stereochemistry remains
the same [11]. An alternative nomenclature system was proposed by Hemingway et al. [12]
based on that used for carbohydrate chemistry. In this system the prefix ent- has been used for
the mirror images. However, scientific consensus has not been reached on stereochemical
lexicon cognates and to date all these systems of nomenclature still remain being used and

appearing in the biomedical, biochemical, agricultural, and food science literature.

1.3 HOMOERIODICTYOL

1.3.1 Natural Sources
Homoeriodictyol (4+/- 3’-O-methyl-eriodictyol; +/- 5,7,4’-trihydroxy-3"methoxy-
flavanone; C;sH1406; MW=302.27 g/mol; XLogP=1.1) is a chiral flavanone consumed in
citrus fruits and herbal products [7]. Homoeridictyol and its glycosides have been successfully
identified or extracted from several plants in a variety of botanical families including
Anacardiaceae (Rhus [13]); Asteraceae (Lychnophora [14]); Hydrophyllaceae (Eriodictyon

[10,15]); Loranthaceae (Viscum [16-19]); Poaceae (Zea [20]); and Rutaceae (Citrus [21]).

1.3.2 Commercial Uses

Homoeriodictyol and its analogs have been commercially used as flavor modifiers
[15]. Products made from Yerba Santa have been used in the pharmaceutical industry as bitter
remedies for several years. However, these products may not be suitable for many food or

pharmaceutical applications because they are too aromatic. Homoeriodictyol, a constituent of



Yerba Santa, and its sodium salt have been used in sensory studies and were shown to
significantly decrease the bitter taste of caffeine without interfering with the desired intrinsic
flavors or taste characteristics [15]. Moreover, homoeriodictyol sodium salt has been further
investigated for its bitter masking properties in different chemical classes of bitter molecules
[15].

Yerba Santa (Eriodictyon glutinosum) is also commercially available [22]. It has been
used for the treatment of the common cold and asthma [15]. In the late 19 century alcoholic
extracts of Yerba Santa were used as masking agents for quinine. Currently, Yerba Santa is
being used to enhance moisturizing and lubricating properties of cosmetic, medical, and

dental products [22].

1.3.3 Biosynthesis

Biosynthesis of homoeriodictyol has been previously studied [20,23,24]. McCormick
first described homoeridictyol as a precursor of the anthocyanin peonidin, a pigment found in
both immature and mature seeds in mutant maize aleurone tissue [20]. Subsequently, in 2003,
Ibrahim et al. described the fungus Cunninghamella elegans as capable of converting 5,4’-
dihydroxy-7,3’-dimethoxyflavanone into both homoeriodictyol and homoeriodictyol-7-sulfate
[23]. The importance of this study was its contribution to the understanding of the possible
similarities between mammalian and microbial systems in phase Il conjugation reactions as a
novel tool in metabolic drug investigations. C. elegans carried out C-7 demethylation, and
sulfatation of 5,4’-dihydroxy-7,3’-dimethoxyflavanone to successfully produce the flavanone
homoeriodictyol and its sulfo-conjugate [23]. In addition, methylation reactions have also

been described to be a part of the biosynthesis of flavonoids [24]. For example, the flavonoids



detected in Catharanthus roseus have a simple methylation pattern; methyl groups in
positions 3’ and 5’ are introduced by an unusual O-methyltransferase that performs two
consecutive methylations in the B-ring. A recently identified O-methyltransferase (CrOMT6)
was described to methylate the B-ring at 4’ position, and in collaboration with dioxygenases
facilitates the conversion of flavanones into flavones, dihydroflavonols, and flavonols [24].
Homoeriodictyol was reported to be the preferred substrate for CrOMT6, and depending on
the acting dioxygenases, the corresponding flavone (flavone synthase), dihydroflavonol
(flavanone 3B-hydroxylase), or flavonol (flavonol synthase, anthocyanidin synthase) resulted

as a product.

1.3.4 Current Methods of Analysis

Homoeriodictyol exists in two enantiomeric forms: R(+)- and S(-)-configurations (Fig.
1.3) which were previously identified in Yerba Santa (Eridictyon glutinosum) [10]. In this
study, Krause and Galensa reported that S(-)-homoeriodictyol was the predominant
enantiomer in Yerba Santa; although its actual concentration was not reported, and lack of
chromatographic baseline resolution and separation of enantiomers was observed [10].
Capillary electrophoresis, CE [25], micellar electrokinetic chromatography, MEKC
[25,26], and high performance liquid chromatography, HPLC [10,27] have been previously
used to separate homoeriodictyol enantiomers. Wistuba et al. reported improved resolution of
enantiomer separation in racemic homoeriodictyol using CE (R&= 1.23 — 6.47) and MEKC
(R= 0.86 — 2.51) with different chiral selectors. Likewise, Asztemborska et al. reported
enantioseparation of homoeriodictyol with poor resolution (R= 0.69) using MEKC. In

comparison, Ficarra et al. attained enantioseparation of homoeriodictyol using HPLC, but did



not report a specific resolution value or publish any chromatographic data. In addition, the
above mentioned analytical methods overlooked the possibility of racemization and did not
validate nor evaluate the utility of these assays in biological matrices. Non-stereospecific
assay methods cannot interpret the concentration-time relationship of the individual
enantiomers. In addition, achiral analysis may be misleading in interpretation of the
concentration dependence of each enantiomer in terms of concentration and toxicity, and anti-
cancer relationships as well as the pharmacokinetic disposition.

OCH3; OCHs
OH OH

HO HO 0]

w7

OH 0] OH 0]

Figure 1.3. Chemical structure of homoeriodictyol enantiomers, S(-)- homoerioctyol (left)
and R(+)-homoeriodictyol (right).

1.3.5 Pharmacokinetic Studies

Homoeridictyol and its glucuro- and sulfo-conjugates have been detected as
metabolites in plasma and/or urine after the oral administration of flavanone [28], hesperidin
[29], or eriocitrin [30] in rats and humans. Flavanone glycosides or aglycones were
administered to healthy male humans, and plasma was analyzed for metabolites using HPLC;
homoeriodictyol was detected only in samples of volunteers receiving flavanone glycosides,
but not in those who received flavanone aglycones [28]. Similarly, hesperidin was orally

administered to rats and plasma was analyzed using liquid chromatography — mass
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spectrometry, LC-MS; homoeriodictyol was detected as a monoglucuronide and as a sulfate
metabolite [29]. In another study, eriocitrin was orally administered to rats and plasma and
urine were analyzed using HPLC and LC-MS; both homoeriodictyol and its glucuro-
conjugate were detected [30].

To our knowledge, only one study has examined the pharmacokinetics of
homoeriodictyol in rats. Booth et al. administered racemic homoeriodictyol at a dose of 150
mg/rat and used paper chromatography for the analysis of homoeriodictyol metabolites in
urine [31]. Homoeriodictyol, its glucuro-conjugates, m-hydroxyphenylpropionic acid, m-
coumaric acid, and dihydrofurelic acid were detected in urine after oral administration of
homoeriodictyol. However, no stereospecific analysis or pharmacokinetic disposition
parameters was reported. In another study, homoeriodictyol-7-O-B-D-glucopyranoside
(HEDT-GIlu) was administered to male and female rats via intravenous (IV) injection and
urine and tissues were analyzed via HPLC [18] or LC-MS [32]. The previously developed
analytical assays also detected homoeridictyol, but neither reported enantioseparation of
homoeriodictyol enantiomers. Pharmacokinetic parameters and tissue distribution values were
reported for HEDT-Glu and homoeriodictyol, but individual enantiomers were not analyzed.
Plasma concentrations of HEDT-Glu in rat were detectable for at least 5 hours after IV
administration; HEDT-Glu was cleared from the blood and distributed mainly to the liver and
small intestine; at 0.083 hours post-dose the concentrations of HEDT-Glu in these tissues
were 0.65 = 0.24 pg/g and 0.51 %= 0.07 pg/g, respectively [18]. In comparison,
homoeriodictyol was mainly detected in the kidney reaching 10.93 +2.92 ug/g at 0.083 hours

post-dose [32].
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1.3.6 Pharmacological Activity

Homoeriodictyol and its glycosides have been described to possess anti-microbial [13],
anti-oxidant [30], anti-cancer [32-34], anti-inflammatory [18], anti-fungal [32], and anti-
osteoporotic [17] activity. Homoeriodictyol was also described to increase coronary flow rate
[32], decrease platelet aggregation [32], and act as a bitter masking or sweet enhancing agent

[35].

1.4 ISOSAKURANETIN

1.4.1 Natural Sources

Isosakuranetin (+/- 4’-methylnaringenin; +/- 4’-methoxy-5,7-dihydroxyflavanone; +/-
ponciretin; CigH140s5; MW=286.28 g/mol; XLogP= 2.3) is a flavanone flavonoid with two
enantiomeric forms: 2S- and 2R-isosakuranetin (Fig. 1.4). This flavanone has been identified
as an important component of propolis [36-38], and several plants found in divergent
botanical families including Asteraceae (Baccharis [39,40]); Combretaceae (Terminalia [41]);
Eupatorieae (Chromolaena [42], Eupatorium [43]); and Rutaceae (Citrus [44]). Didymin (2S-
isosakuranetin-7-rutinoside) and poncirin (2S-isosakuranetin-7-neohesperidoside), two main
glycosides of isosakuranetin (Fig. 1.5), have been described exclusively in Rutaceae (Citrus

[44-48] and Poncirus [49-54]).

OCH; OCH;
HO o ‘ HO 0 ‘\\\\%@/
O 23 Rl

OH 0] OH 0]

Figure 1.4. Chemical structure of isosakuranetin enantiomers, 2S-isosakuranetin (left) and
2R-isosakuranetin (right).
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Flavanones in nature are found mostly as glycosides, attached to f-neohesperidose or
B-rutinose sugars through the C-7 hydroxyl group [47,55]. The flavanone neohesperidosides
and rutinosides can be easily distinguished by their taste properties: the neohesperidosides are
bitter, whereas the rutinosides are tasteless [55]. Hot alkali on 7- B-neohesperidosides splits
off the B-ring and carbon-2 to yield phloracetophenone 4’- B-neohesperidoside; however, 7-
B-rutinosides do not display phloracetophenone 4’ B-rutinoside formation when exposed to

hot alkali but instead generate a sugar-aglycone bond split [55].

g OCH;
|////, O P o)

(§)) OH OH © 2)

Figure 1.5. Isosakuranetin glycosides (1) poncirin (2S-isosakuranetin-7-neohesperidoside)
and (2) didymin (2S-isosakuranetin-7-rutinoside)

1.4.2 Commercial Uses

Isosakuranetin has been included in its glycosylated form (isosakuranetin-7-f3-
rutinoside) in dietary supplements, vitamins, skin care products, energy drinks and so forth
[22]. Isosakuranetin is a major component of propolis. Propolis is a natural resinous substance
made by honeybees from plant exudates and used to protect honeycombs against intruders
[39]. The composition of propolis depends on the plants in the region and the season in which
it is collected by the bees. Propolis has been used in folk medicine and is currently studied for
its biological activities. Currently, propolis is extensively incorporated in food and beverages

as a dietary supplement [39].
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1.4.3 Biosynthesis

Biosynthesis of isosakuranetin has been poorly studied [56,57]. Preliminary evidence
of the existence of a “flavanone synthase” which converts chalcone glycosides into flavanone
glycosides was presented in 1956. The enzymatic activity of “flavanone synthase” responsible
for poncirin chalcone’s conversion into poncirin was studied using various sources including
Citrus, Poncirus, Cosmos and Dahlia. Peel tissue from Citrus aurantium showed the highest
flavanone synthase activity [57]. Subsequently, Kim et al. demonstrated the existence of
SOMT-2, a soybean (Glycine max, Fabaceae) O-methyltransferase expressed in Escherichia
coli capable of converting naringenin into isosakuranetin by methylation at the 4’-hydroxyl
position [56]. O-Methylation of flavonoids has been described to alter the chemical reactivity

of their phenolic hydroxyl groups and enhance their lipophilicity.

1.4.4 Current Methods of Analysis

Isosakuranetin has a chiral carbon center and thus exists in two enantiomeric forms.
The stereochemistry of flavanones has been widely studied; carbon-2 acts as the chiral center
that can occur in either the S or R configurations [57,58]; with the 2S configuration being
predominant in nature [59]. Methods used to identify isosakuranetin or its glycosides include
paper chromatography [57], mass spectrometry, MS [42], micellar -electrokinetic
chromatography, MEKC [26,60,61], capillary electrophoresis, CE [61-63], high performance
liquid chromatography, HPLC [8,36,37,39,44-47,49,51,58,64], HPLC-diodearray detection-
electrospray ionization mass spectrometry, DAD-ESI-MS [45,65,66], and nuclear magnetic

resonance, NMR spectrometry [42,50].
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Nevertheless, enantiomeric separation of isosakuranetin has only been attempted by a
few groups [8,26,60-62] by means of MEKC [26,60,61], CE [61,62], and HPLC [8]. Using
sodium cholate (SC) and y-cyclodextrin (y-CD) as chiral modifiers with MEKC,
Asztemborska et al. described enantioseparation of isosakuranetin; however, resolution was
poor (Rg= 0.84) and complete separation was not accomplished. Wistuba et al. instead used
sodium dodecyl sulphate (SDS) and y-CD with MEKC, obtaining higher resolution (Rs= 1.78)
[61]. Park and Jung applied highly sulphated cyclosophoraoses to MEKC and also obtained
good resolution (Rg = 1.483) but the lack of commercial availability of this chiral selector
limits the utility of this method. Furthermore, enantioseparation of isosakuranetin was
reported by Kwon ef al. using cyclic B-(1-23), (1->6)-glucans from Bradyrhyzobium
japonicum with CE, fair resolution was achieved (R= 1.41), but the lack of commercial
sources for this chiral selector also restricts the utility of this method. Likewise, Wistuba et al.
developed a method using CE and anionic cyclodextrin derivates as buffer additives. High
resolution (Ry= 3.43) was obtained with this method using sulfato-B-CD at pH 7. Finally,
Krause and Galensa reported enantiomeric separation of isosakuranetin using cellulose
triacetate as stationary phase in HPLC; baseline resolution is stated but no chromatographic
data or Ry value is provided and validation in biological fluids was not accomplished.
Nevertheless, the authors concluded that the selectivity between enantiomers is not sufficient

since enantiomers appear in a relatively narrow retention zone [8].

1.4.5 Pharmacokinetic Studies

Isosakuranetin and its glucoro-conjugates have been previously detected as

metabolites in rats administered the flavonoid naringin [65]. According to Silberberg et al.,
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the methylation of 4’-hydroxyl in naringin produced isosakuranetin, since aromatic flavonoid
compounds can undergo methylation, hydroxylation, and demethylation reactions via
bacterial metabolism in the large intestine. Both healthy rats and rats bearing Yoshida’s
sarcoma cells produces isosakuranetin and its glucuronides in plasma, urine, liver, and kidney;
however, lower concentrations were detected in tumor bearing rats. A reduction in tumor
concentration of flavonoids could be the result of multi-drug resistance associated protein
(MRP) activity, for which flavonoids may act as substrates [65].

Metabolism of flavonoids has been described to occur in intestinal microflora.
Poncirin, for example, is converted to isosakuranetin [67], 4-hydroxybenzoic acid; 2,4-
dihydroxyacetophenone; phloroglucinol; and pyrogallol by human intestinal microflora in
vitro, in particular: Fusobacterium K-60, Eubacterium YK-4, and Bacteroides JY-6 [68].
Isosakuranetin was further converted to phenolic acid by Streptococcus S-1, Lactobacillus L-
2, Bifidobacterium B-9, and Bacteroides JY-6 [68]. Shimuzu et al. demonstrated that
isosakuranetin in propolis extracts can be incorporated into intestinal Caco-2 cells and
transported from the apical to the basolateral side in vitro [36]. These findings are valuable for
studies related to intestinal cell function involved in absorption from the gastrointestinal tract.
To our knowledge, there are no pharmacokinetic studies of isosakuranetin that acknowledge

the importance of its chiral nature and disposition.

1.4.6 Pharmacological Activity

Isosakuranetin has been previously described to have anti-mycobacterial [42], anti-
fungal [69], anti-oxidant [37,70], anti-bacterial [52], neuroprotective [71], enteroprotective

[52,72], anti-cancer [41,52,68], and anti-allergic [54] properties. Poncirin and didymin were
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found to have numerous biological activities such as anti-inflammatory [49,50,53], anti-
oxidant [70], anti-cancer [68], anti-platelet [68], anti-atherogenic [66] and
immunomodulatory [73], properties. However, there is a lack of information regarding the
stereospecific activity or disposition of isosakuranetin enantiomers in biological matrices like
urine and serum. Achiral analysis of isosakuranetin may be misleading in that absorption,
distribution, metabolism and elimination may all be stereoselective processes. Measuring
enantiomers may facilitate establishment of more meaningful concentration -effect
relationships of chiral drugs. Separation of enantiomers in biological matrices is thus
important to comprehensively understand the stereospecificity of action and disposition of

1sosakuranetin.

1.5 TAXIFOLIN

1.5.1 Natural Sources

Racemic taxifolin (+/- 3,5,7,3,3’,4’-pentahydroxyflavanone; +/- dihydroquercetin;
CisH1207; MW = 304.25 g/mol; XLogP = 0.79-3.73 [74]), a dihydroflavonol, and its
glycosides have been previously identified in plants included in a variety of botanical families
including: Alliaceae (Allium [75]); Annonaceae (Cleistopholis [76]); Apocynaceae
(Trachelospermum [77]); Asteraceae (Silybum [78,79], Tessaria [80], Centaurea [81],
Proustia [82]); Cactaceae (Opuntia [83]); Clusiaceae (Garcinia [84], Hypericum [85]);
Cupressaceae (Chamaecyparis [86], Thujopsis [87]); Ericaceae (Rhododendron [88));
Fabaceae (Acacia [89], Genista [90], Trifolium [91]); Juglandaceae (Englehardtia [92));
Lamiaceae (Origanum [93], Thymus [94]); Liliaceae (Rhyzoma [95-99]); Loranthaceae

(Taxillus [100]); Ochnaceae (Ochna [101]); Oleaceae (Olea [102]); Pinaceae (Picea [103],
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Pinus [104-106], Larix [107,108], Pseudotsuga [108]); Poaceae (Fussia [109]); Polygonaceae
(Polygonum [110]); Proteaceae (Helicia [111]); Smilacaceae (Smilax [99,112,113]);
Solanaceae (Petunia [114]); and Vitaceae (Ampelopsis [115], Vitis [116]). Likewise, several
cultivars of wine have been analyzed for their taxifolin content [117,118]. The most widely
studied of these plants is Rhizoma smilacis glabrae or tu fu ling, which has been used in
traditional Chinese medicine to treat cancer and acquired immune deficiency syndrome
(AIDS) patients [96]. Clinically, taxifolin has been used to treat several illnesses including
infection of the urinary system, leptopirosis, dermatitis, brucellosis, eczema, acute bacterial
dysentery, acute and chronic nephritis, syphilis, arthritis, and folliculitis [95-99]. Taxifolin has
been successfully isolated from Rhizoma smilacis glabrae showing high extraction efficiency
by sonication and use of hot solvents. Chen et al. did not accomplish total enantiomeric
separation of the four taxifolin enantiomers using an HPLC method [96]. Nevertheless, the
separation and identification of the four glycosylated taxifolin enantiomers (neoastilbin,

astilbin, neoisoastilbin, and isoastilbin; Fig. 1.6) and racemic taxifolin was attained in this

study [96].
OH
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Figure 1.6. Chemical structures of a taxifolin rhamnoside, astilbin
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1.5.2 Commercial Uses

Taxifolin has been reported to be a potent anti-oxidant and has been used as a
biological active supplement in the food industry [119]. Taxifolin is commercially available
as a food additive and is used in vegetable oils, milk powder, pastry, and so forth.

Plants like French maritime pine bark (Pinus pinaster) and katsura (Cercidiphyllum
Jjaponicum) in which taxifolin is a major component are currently being investigated. An
extract of French maritime pine bark (Pinus pinaster), Pycnogenol®, is being used in the
treatment of attention-deficit hyperactivity disorder (ADHD) in Europe with positive results
[106]. Pycnogenol® has been demonstrated to stimulate endothelial nitric oxide synthase.
Increased production of nitric oxide (NO) may improve brain functions such as memory,
learning, and modulation of wakefulness [106]. Likewise, katsura (Cercidiphyllum
Jjaponicum) has been reported as an effective hair growth control agent [120]. Polyphenolic
compounds in katsura showed proliferation of mouse epithelial cells in vitro that are currently

being investigated as accelerators of hair regrowth [106].

1.5.3 Biosynthesis

Biosynthesis of taxifolin has been previously studied. Brignolas et al. reported the
synthesis of taxifolin glycoside in a fungus-resistant clone of Norway spruce (Picea abies
Karst) after inoculation with Ophiostoma polinicum Siem, a pathogenic fungus associated
with a bark beetle, Ips typographus L., but not after sterile inoculation or in an unwounded
clone. These findings suggest the flavonoid pathway may be involved in resistance to
pathogenic fungi. In this report, chalcone synthase (CHS) activity was described to be higher
in the resistant clone that in a clone susceptible to the pathogenic fungus [103]. Enzymes like

CHS have been described to play a role in the biosynthesis of flavonoids. For example,



19

production of rutin was described following administration of exogenous taxifolin (Fig. 1.7)
in Satsuma mandarin (Citrus unshiu) peel tissues, which demonstrated the ability of peel
tissue to convert dihydroflavonols into flavonol glycosides. Flavonol synthase (FLS)
increased in peel during maturation, unlike other enzymes involved in flavonoid biosynthesis

including CHS, chalcone isomerase (CHI), and flavanone 3-hydroxylase (F3H) [121].
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Figure 1.7. Biotransformation pathway of flavonoids in Citrus unshiu. 1, naringenin
chalcone; 2, (+/-)-naringenin; 3, (+/-)-dihydrokaempferol; 4, (+/-)-taxifolin; 5, quercetin; 6,
rutin; CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase;
F3’H, flavanone 3’-hydroxylase; FLS, flavonol synthase. The asterisks denote chiral centers.
Adapted from Moriguchi et al., 2002.

Taxifolin has been described as an intermediate in the biosynthesis of other flavonoids.
In this matter, it has been reported that of the four phenolic hydroxyl groups, 7-OH is most
and 5-OH least acidic [80]. These findings are important for determination of the methylation

pattern and the possible metabolic products of taxifolin methylation. In Centaurea maculosa
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roots, for example, kaempferol was converted into taxifolin, which in turn was converted into
catechin. These three flavonoids were described as phytotoxic root exudates produced by C.
maculosa [81]. In comparison, Matsuda et al. described the biotransformation of catechin into
taxifolin by Burkholderia sp KTC-1. This biotransformation occurred in two steps: 4-
hydroxylation, and dehydrogenation with the formation of leucocyanidin as an intermediate
[122]. (#)-Catechin 4-hydroxylase and leucocyanidin 4-dehydrogenase were described to
accumulate in the cytosol of the aerobic bacteria used in this study.

Only one study considers the isomerization of taxifolin [123]. (2R3R)-Taxifolin was
converted into (2S3R)-taxifolin with the opening of the heterocyclic ring and the formation of
an intermediate quinine methide with heat < 100°C. When acidic or basic methylation was
used under heat > 100°C, isomerization did not occur; and alphitonin was formed. Alphitonin
(2-benzyl-2,3’,4,4’ ,6-pentahydroxy-3-coumaranone) is a by-product of taxifolin methylation

[123].

1.5.4 Current Methods of Analysis

Taxifolin has two carbon chiral centers, and thus exists in four enantiomeric forms;
therefore, stereospecific analytical methods are needed to address its chiral disposition
[11,124]. Using the RS nomenclature (Chapter I), four taxifolin enantiomers can be identified:

2S3S, 2R3R, 2R3S, and 2S3R (Fig. 1.8).
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OH O OH O

Figure 1.8. Chemical structure of taxifolin enantiomers, (2S3R)-(+)-taxifolin (upper left),
(2S3S)-(-)-taxifolin (upper right), (2R3R)-(+)-taxifolin (lower left), and (2R3S)-(-)-taxifolin
(lower right).

Racemic taxifolin has been previously identified in several plants using an array of
analytical methods including liquid chromatography, LC [88,91-93,96,97,109,115,118,125-
129], gas chromatography [108], nuclear magnetic resonance, NMR spectrometry
[75,76,78,80,83,87,93,111,113], circular dichroism, CD [87], and mass spectrometry, MS
[78,90,91,93,108,110,115,116,128,130]. Few studies have examined the chiral nature of
taxifolin using LC [102,107,127,131], and NMR spectrometry [104,130,132]. Ng et al.
acknowledged the importance of developing methods to discriminate and recognize taxifolin
enantiomers in natural products, but failed to achieve total separation of taxifolin enantiomers
using a methylated B-cyclodextrin chiral stationary phase using LC [7,127]. The available
studies that have considered enantio-separation of taxifolin did not separate all four
enantiomers, but only two enantiomers [102,104,107,123,130,131]. Studies with taxifolin

glycosides have accomplished the enantio-separation or identification of one [104,113], two
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[77,96], or four [87] of its enantiomers via HPLC [96], NMR spectrometry [77,87,104,113],

CD [87], and MS [98].

1.5.5 Pharmacokinetic Studies

There are a paucity of studies on the pharmacokinetics of taxifolin [133,134]. A
pharmacokinetic analysis of maritime pine bark extract demonstrated the presence of taxifolin
in human plasma after single and multiple doses of the extract were administered orally
(AUCjo.q = 2311.11485.98 ng/ml x h; Cpax = 33.34+12.54 ng/ml; tmax = 8.2+2.5 h) [134].
Likewise, after oral administration of Pycnogenol, the active constituent of maritime pine
bark, taxifolin was detected in human urine [133]. Flavonoid metabolism in humans is known
to involve the intestinal microflora [128,135], as well as liver enzymes [136]. Among the
microflora shown to participate in the metabolism of taxifolin, Eubacterium ramulus and
Clostridium orbiscindens have been described to convert taxifolin into phenolic acids. E.
ramulus is found in human feces and has been described to convert quercetin into taxifolin,
which in turn is converted into its chalcone; following a series of additional conversions
taxifolin is finally converted into 3,4-dihydroxyphenylacetic acid [128] (Fig 1.9). Likewise, C.
orbiscindens is found in human feces and has also been described to have the ability to
convert taxifolin into 3,4-dihydroxyphenylacetic acid [135] (Fig. 1.10). However, C.
orbiscindens is an asaccharolytic organism, which relies on the deglycosilation performed by
human tissues (small intestine, liver) and bacteria such as E. ramulus, Enterococcus
casseliflavus, and Bacteroides sp. for flavonoid degradation [135]. Flavonoid metabolism by
liver enzymes has been studied by Nielsen et al.; in their study, cytochrome P450 activity did

not appear to be involved in taxifolin metabolism in rat liver microsomes [136]. Nielsen et al.
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described the structural characteristics and the tentative products of flavonoids metabolized by
liver enzymes: 1) flavonoids without a 4’-hydroxyl group in B ring undergo hydroxylation by
microsomal enzymes to catechol (3’,4’-dihydroxyl) structures; 2) flavonoids with a 4’-
methoxyl group, but not those with a methoxyl in the 3’-position, undergo demethylation into
the hydroxyl compound (i.e. isosakuranetin); and 3) flavonoids with two or more hydroxyl
groups in the B ring or a 3’-methoxyl group are not metabolized by microsomal enzymes (i.e.
homoeriodictyol, taxifolin). In addition, cytochrome P450s involved in flavonoid metabolism

have been described to exhibit stereoselectivity. [136].

Figure 1.9. Metabolism of taxifolin by Eubacterium ramulus. 1, quercetin; 2, (+/-)-taxifolin;
3, taxifolin chalcone; 4, hydrokaempferol chalcone; 5, phloroglucinol; 6, 2-keto-3-(3.4-
dihydroxyphenyl)propionic  acid; 7,  3,4-dihydroxyphenylacetaldehyde; 8, 3,4-
dihydroxyphenylacetic acid. The asterisks denote chiral centers. Adapted from Schneider H
and Blaut M, 2000.
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Figure 1.10. Metabolism of taxifolin by Clostridium orbiscindens. 1, quercetin; 2, (+/-)-
taxifolin; 3, alphitonin; 4, phloroglucinol; 5, 3,4-dihydroxyphenylacetic acid. The asterisks
denote chiral centers. Adapted from Schoefer L et al., 2003.

1.5.6 Pharmacological Activity

Several of the plants described to possess taxifolin are used in traditional and clinical
medicine [76,79,82-84,92,94-97,105,108,110,111,137]; some are ingested in the human diet
[75,91,94,110,116-118,121,138]; and others are being studied for their potential use in drug
development [90,101].

Racemic taxifolin and its glycosides have been previously studied for their potent anti-
oxidant properties [82,92,105,108,137,139]. Taxifolin is a very common anti-oxidant additive
in the food industry [94], and has also been described to have anti-inflammatory and analgesic

properties [82], hepato-protective capacity [140], free radical scavenger activity
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[92,94,108,141], and also demonstrates a protective role in plants against pathogens [81,103].
(2R3R)-(2R3R)-(+)-Taxifolin, one of its four enantiomers, has been described to possess
tyrosinase inhibitory capacity; and thus it is used in depigmentation drugs and whitening

cosmetics, as well as a food additive and an insect control agent [110].

1.6 OBJECTIVES

The stereochemistry of flavonoids has been poorly studied; even though flavonoids are
one of the largest groups of phytochemicals, few studies have acknowledged the importance
of their stereochemistry in the biological activity of these phytochemicals. Homoeriodictyol,
isosakuranetin and taxifolin are chiral flavonoids ingested in the human diet as food
components or as ingredients in dietary supplements. Preliminary work has been undertaken
to analyze the pharmacological activity of homoeriodictyol, isosakuranetin, and taxifolin;
however, studies acknowledging the effect of their chiral stereochemistry are limited or non-
existent. Likewise, the pharmacokinetic analysis of homoeriodictyol, isosakuranetin and
taxifolin needs to be considered with respect to the chiral nature of these compounds to better
understand their biological disposition and activity. It has been reported that the consumption
of selected flavonoids is important from a health perspective [4], so analyzing particular
flavonoids in tomatoes and apples may contribute to a more comprehensive understanding of
flavonoid benefits after human consumption. Therefore, the specific objectives of this project
were:

1. To develop and validate novel, sensitive, and stereospecific RP-HPLC assays in

biological fluids for homoeriodictyol, isosakuranetin, and taxifolin (Chapters II-1V).



26

To characterize the stereospecific pharmacokinetic parameters of homoeriodictyol,
isosakuranetin, and taxifolin in a rat model as well as the stereospecific quantification
of homoeriodictyol, isosakuranetin, and taxifolin in fruits and herbs (Chapter V).

To evaluate the pharmacological activity of homoeriodictyol, isosakuranetin, and
taxifolin in in vitro cancer, inflammation, oxidation, and adipogenesis models
(Chapter VI).

To delineate the selected polyphenol content of hybrid tomato cultivars using two
distinct fertility management alternatives (Chapter VII).

To analyze the selected polyphenol content of several apple cultivars at various
harvest maturities, harvest years, and fertility management alternatives; and under
commercial storage and shelf-life conditions; and to characterize the pharmacological
activity of apple extracts in in vitro cancer, inflammation, oxidation, and adipogenesis

models (Chapter VIII).
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2 Stereospecific Assay Development and Validation of

Homoeriodictyol

2.1 INTRODUCTION

This section describes the development of a selective, accurate, reproducible, and
stereospecific assay using reverse phase high performance liquid chromatography, RP-HPLC
for simultaneous separation of homoeriodictyol enantiomers in biological matrices.

Furthermore, the validation of the RP-HPLC assay in rat serum is reported in this chapter.

* A version of this Chapter has been published:

Vega-Villa KR, Yanez JA, Remsberg CM, Ohgami Y, and Davies NM. Stereospecific High-
Performance Liquid Chromatography Validation of Homoeriodictyol in Serum and Yerba
Santa (Eriodictyon glutinosum). J Pharm Biomed Anal. 2008; 46: 971-974.
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2.2 BACKGROUND

Enantioseparation of homoeriodictyol has been previously attained using CE, and
MEKC (Chapter I). However, there are no HPLC methods that have successfully attained

separation of homoeriodictyol enantiomers in biological matrices in the literature.

2.3 METHODS

2.3.1 HPLC Apparatus and Conditions

The HPLC system used was a Shimadzu HPLC (Kyoto, Japan), consisting of an LC-
10ATVP pump, a SIL-10AF auto injector, a SPD-M10A VP spectrophotometric diodearray
detector, and a SCL-10A VP system controller. Data collection and integration were
accomplished using Shimadzu EZ Start 7.1.1 SP1 software. The analytical column used was
Chiralcel® OJ-RH column (150mm X 4.6mm i.d., 5-um particle size, Chiral Technologies Inc.,
PA, USA) protected by a Chiralcel OJ-RH guard column (0.4cm x 1cm, 5-um particle size).
The mobile phase consisted of acetonitrile, water and phosphoric acid (22:78:0.1, v/v/v),
filtered and degassed. Separation was carried out isocratically at 25 + 1°C, a flow rate of 1.0

ml/min, with ultraviolet (UV) detection at 288 nm.

2.3.2 Chemicals and Reagents

Racemic homoeriodictyol was purchased from Indofine Chemical Company
(Hillsborough, NJ, USA). Racemic indoprofen, B-glucuronidase from Escherichia coli Type
IX A, B-glucuronidase from Helix pomatia type-HP-2, and halothane were purchased from
Sigma Chemicals (MO, USA). HPLC grade acetonitrile and water were purchased from J. T.

Baker (Phillipsburg, NJ, USA). Phosphoric acid was purchased from Aldrich Chemical Co.
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Inc. (WI, USA). Rats were obtained from Charles River Laboratories. Ethics approval for

animal experiments was obtained from Washington State University.

2.3.3 Stock and Working Standard Solutions

Racemic homoeriodictyol and racemic indoprofen (internal standard) solutions of
100.0 pg/ml were dissolved in methanol. Calibration standard curves were prepared yielding
concentrations of 0.5, 1.0, 5.0, 10.0, 50.0 and 100.0 pg/ml of each homoeriodictyol

enantiomer.

2.3.4 Sample Preparation

Rats were humanely sacrificed using an overdose of halothane, blank serum was
obtained from untreated rats, and stored at -20°C to be used as the biological matrix; water
was used in the case of botanical analysis. To the working standards or samples (0.1 ml), 25
pl of racemic indoprofen (internal standard) was added into 2.0 ml Eppendorf tubes. The
mixture was vortexed for 1 minute and 1 ml of cold acetonitrile was added to precipitate
proteins. The samples were centrifuged at 5,000 r.p.m. for 5 minutes. The supernatant was
collected and evaporated to dryness under compressed nitrogen gas. The residue was
reconstituted with 200.0 pl of mobile phase, vortexed and centrifuged, the supernatant was

transferred to HPLC vials and 150.0 pl of it was injected into the HPLC system.
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2.3.5 Precision and Accuracy

The within-run and between-run precision and accuracy of the replicate assays (n = 6)
were tested over a range of 0.5 to 100.0 pg/ml on the same day and on six different days
within one week. The precision was evaluated by the relative standard deviation (R.S.D.). The
accuracy was estimated based on the mean percentage error of measured concentration to the

actual concentration [142].

2.3.6 Limit of Quantification (LOQ) and Limit of Detection (LOD)

The limit of quantification (LOQ) refers to the highest and lowest concentrations that
can be reliably quantified. The LOQ was determined by repeated analysis of spiked rat serum
samples in six replicates. An acceptance criteria of 15% was used to determine precision and
accuracy at the LOQ.

The limit of detection (LOD) refers to the lowest concentration different from the
negative control or blank that can be distinguished from background noise. A signal to noise

ratio > 3:1 was used to determine the LOD by means of UV detection of serum samples.

2.3.7 Recovery

Recovery of homoeriodictyol enantiomers was performed in the same concentration
range (0.5-100.0 pg/ml). The samples were prepared as described in the sample preparation
section. The extraction efficiency was determined by comparing the peak area ratio (PAR) of
enantiomeric homoeriodictyol and R(-)-indoprofen to the PAR of corresponding

concentration injected directly in the HPLC without extraction.
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2.3.8 Stability of Homoeriodictyol Samples in Rat Serum

The freeze-thaw stability of homoeriodictyol enantiomers (0.5-100.0 pg/ml) was
evaluated in triplicate without being frozen at first, and then stored at -70°C and thawed at
room temperature (25 * 1°C) for three cycles. The stability of homoeriodictyol in
reconstituted extracts was investigated using pooled extracts from quality control (QC)
samples of one concentration level 10.0 pg/ml. The sample was kept in the sample rack of the

auto-injector and injected into HPLC system every 4 hours, from 0 to 24 hours.

2.3.9 Quantification of Homoeriodictyol in Lemon (Citrus limonia) and Lemonade

Samples of conventionally grown and organically grown lemons as well as
conventional and organic lemonade were purchased from grocery stores in the area. One
milliliter of fresh lemon juice obtained from the fruit or one milliliter of lemonade was added
into 15 ml conical tubes corresponding to free and total duplicates. Three milliliters of HPLC-
grade water were added to all samples, followed by 25.0 ul of IS to the free samples only.
Free samples were dried to completion using a nitrogen evaporator, and stored at 4°C until
processing. To the total samples, 330.0 ul 0.78 M sodium acetate-acetic acid buffer (pH 4.8),
and 300.0 pl 0.1 M ascorbic acid were added, samples were vortexed for 30 seconds, and
600.0 pl crude preparation of Helix pomatia glucuronidase type H-2 was added and gently
mixed. Total samples were incubated in a water bath at 37°C for 17-24 hours; 25 ul of IS
were added, followed by 3.0 ml of cold acetonitrile. Samples were vortexed for 30 seconds,
centrifuged for 5 minutes at 5,000 r.p.m. and the supernatant was collected into new
eppendorf tubes, and dried until completion under compressed nitrogen gas. The stored free

samples were removed from the refrigerator (4°C), and left at room temperature for 5 minutes.
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Free and total samples were reconstituted at the same time, 400.0 ul of mobile phase was
added to each sample, samples were vortexed for 30 seconds, centrifuged for 5 minutes at
5,000 r.p.m. and the supernatant was carefully transferred to HPLC vials; 150.0 ul of sample

was injected into the HPLC system for analysis.

2.3.10 Quantification and Racemization in Yerba Santa (Eriodictyon

glutinosum)

One gram of Yerba Santa powder (American Health and Herbs, OR, USA) was
extracted with 20 ml HPLC-grade methanol [10]. The extracts were evaporated to dryness
using a rotary evaporator, and the dried samples were dissolved in 1 ml of mobile phase,
vortexed and centrifuged. The supernatant was filtered through a 13 mm syringe filter. The
solution was further diluted 10-fold, and 150 pl injected into the HPLC system. For
racemization, the extracts were evaporated to dryness using a rotary evaporator and later
reconstituted in 25% methanol in water [10]. The sample was heated for 1 h at 70°C and
filtered through a 13 mm syringe filter; 150.0 pl of sample was injected into the HPLC system

for analysis.

2.3.11 Data Analysis

Quantification was based on calibration curves constructed using PAR of
homoeriodictyol enantiomers to internal standard R(-)-indoprofen, against homoeriodictyol

concentrations using unweighted least squares linear regression.
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2.4 RESULTS AND DISCUSSION

2.4.1 Chromatography

Separation of homoeriodictyol enantiomers and the internal standard in biological
fluids was achieved successfully (Figure 2.1). No interfering peaks co-eluting with the
compounds of interest (Figs. 2.1.1). Under reverse-phase conditions R(+)-homoeriodictyol
eluted first [10]; the retention times of R(+)- and S(-)- homoeriodictyol were approximately
69 and 78 minutes, respectively. The internal standard (R-(-)-indoprofen) eluted at
approximately 55 minutes (Fig. 2.1.2). Optimal separation was achieved when the
combination of acetonitrile, water and phosphoric acid was 22:78:0.1 (v/v/v) with a flow rate

of 1.0 ml/min.
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Figure 2.1. Representative chromatograms, of (1) drug-free serum demonstrating no
interfering peaks co-eluted with the compounds of interest; and (2) serum containing
homoeriodictyol (H) enantiomers (R(+)-H, S(-)-H) each with concentration of 10.0 pg/ml and
the internal standard, R(-)-indoprofen (R(-)-I); with this method, separation of racemic
indoprofen is also achieved (R(-)-I, S(+)-I).
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2.4.2 Linearity, LOQ and LOD

Excellent linear relationships (r* = 0.995) were demonstrated between PAR of R(+)-
and S(-)-homoeriodictyol to the internal standard and the corresponding serum concentrations
of homoeriodictyol enantiomers over a range of 0.5 to 100.0 pg/ml. Mean regression lines
from the validation runs were described by R(+)-homoeriodictyol (pg/ml) = 0.01880x —
0.0012 and S(-)-homoeriodictyol (pg/ml) = 0.0178x - 0.0006. LOQ of this assay was 0.5
pg/ml with the corresponding between day R.S.D. of 6.55 and 5.94% for R(+)- and S(-)-
homoeriodictyol, respectively and bias of -10.80 and -14.97% for R(+)- and S(-)-
homoeriodictyol, respectively. The back-calculated concentration of QC samples was within

the acceptance criteria (Table 2.1).

Table 2.1. Within- and between-day precision and accuracy of the assay for homoeriodictyol
(H) enantiomers in rat serum (n = 6, mean, R.S.D., and Bias)

Hamoeriodictyol concentration {pgémij

Observed R.S.D. (%) Bias (%)
Added Within-day Between-day Within-day Between-day Within-day Between-day

R{+)-H S{-3-H R(+}-H S{-1-H R{+}-H S{-3-H R{+}yH S(-3-H R{+}-H Si-3-H R{+}-H S(-}-H

0.8 .57 0.87 (145 0.43 14.84 14.84 8.55 584 13.52 14.53 -10.80 -14.87

1 1.04 1.03 1.1 0.86 5.46 4.71 10.63 9.37 4.02 3.45 10.82 -13.51

& 4.68 4.82 4.48 440 873 1.73 5.12 6.48 -6.34 -3.62 -10.79 -12.03
10 9.689 8.77 888 8.87 4.00 710 14.96 12.23 -3.11 -2.30 -11.23 -11.33
50 52,36 53.08 48.14 48.04 1.15 8.44 5.39 5.28 473 6.18 -3.72 -3.91

100 98.92 90.86 101.19 101.28 4.73 4.04 1.28 1.28 -1.08 -0.14 i.19 1.28
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2.4.3 Precision, Accuracy and Recovery

Within- and between-run precision (R.S.D.) calculated during replicate assays (n = 6)
of homoeriodictyol enantiomers was <15% over a wide range of concentrations (Table 2.1).
The intra- and inter-run bias assessed during the replicate assays for homoeriodictyol
enantiomers varied between -14.97 and 14.53% (Table 2.1). These data indicated that the
developed HPLC method is reproducible and accurate. The mean extraction efficiency for

homoeriodictyol enantiomers from biological fluids varied from 88.54 to 112.17% (Table

2.2).

Table 2.2. Recovery of homoeriodictyol enantiomers from rat serum (n = 6, mean = S.D.).

Concentration (ug/ml) Recovery (%) (Mean £ S.D.)
R(+)-homoeriodictyol S(-)-homoeriodictyol
0.5 96.39 + 5.66 103.98 £4.23
1 102.63 £ 10.91 112.17 £ 5.62
5 100.66 £ 5.32 97.81 £6.34
10 101.91 £ 5.40 96.66 £ 5.09
50 92.07 +4.96 88.54 + 4.67
100 102.46 £ 1.32 103.40 £ 1.32

2.4.4 Stability of Homoeriodictyol Samples

No significant degradation was detected after the samples of racemic homoeriodictyol
in biological fluids following three freeze-thaw cycles. Recoveries of R(+)- and S(-)-
homoeriodictyol were respectively from 85.35 to 107.37% and 85.53 to 103.86% following
three freeze-thaw cycles for homoeriodictyol QC samples of homoeriodictyol or R(-)-
indoprofen. There was no significant decomposition observed after the reconstituted extract of

racemic homoeriodictyol was stored in the auto-injector at room temperature for 24 hours; the
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measurements were from 97.87 to 98.90% of the initial value for extracts of racemic

homoeriodictyol in biological fluids of 0.5 to 100.0 pug/ml.

2.4.5 Quantification of Homoeridictyol in Lemon (Citrus limonia) and Lemonade

The HPLC method was applied to the quantification of homoeriodictyol enantiomers
in organic and conventional lemon (Citrus limonia) and lemonade. The fruit of lemon is
classified as a modified berry called hesperidium. In citrus fruits, the terms albedo and
flavedo are used to describe the components of the pericarp, the peripheral surface; and
carpels to describe the juicy vesicles that form the edible part of the fruit. The juice extracted

from carpels in lemon was used to analyze the homoeriodictyol content (Fig. 2.2.).
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Figure 2.2. Comparison of enantiomeric content of homoeriodictyol in conventional and
organic lemon (Citrus limonia, n = 4, mean + S.E.M). a, P < 0.05, organic vs. conventional; b,
P <0.05, R(+) vs. S(-).
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Homoeriodictyol is mostly determined as glycosides in plants; of these, the S(-)-
enantiomer glycoside was demonstrated to be the predominant form for both conventional and
organic lemons. Moreover, organic lemon contained the highest concentration of S-(-)-
homoeriodictyol glycoside (619.62 + 92.94 mg/100 g FW). A summary of the content of
homoeriodictyol and its glycosides in conventional and organic lemon is presented in Table

2.3.

Table 2.3. Content of homoeriodictyol enantiomers and its glycosides in conventional and
organic lemon (Citrus limonia, n = 4, mean + S.E.M.). a, P < 0.05, organic vs. conventional; b,
P <0.05, R(+) vs. S(-).

% of Total Conventional Organic

Homoeriodictyol
Et)-Homoenodictyol  3-{-)-Homeoenodictyel | Bt -Homoenodictyol  3-{-) Homoernodictyol

Glycoside 1765+£3 11% 2052 +201° 927+019 2981+ 1.80%P
Aglycone 086 £011** 051+£015 050+015 n42+009
Totd Enantiomer 18.51 £322* 81.49 +2.16" 9.774).34 90.23 £1.89+F
Total Gyoosides 98.63 £5.12 99.08+1.99
Total Aglycones 1.37+026 092 +0.24

The developed assay was also used to measure the amount of homoeriodicytol
enantiomers in commercially available conventional and organic lemonade. Similar to the
results with lemons, lemonades were also demonstrated to contain high amounts of glycosides.
The R-(+)-homoeriodictyol glycoside was predominant in conventional lemonade; whereas
organic lemonade contained glycosides mainly in the S(-)-form (Fig. 2.3). A summary of the
content of homoeriodictyol enantiomers and its glycosides in lemonade is presented in Table

24.
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Figure 2.3. Comparison of enantiomeric content of homoeriodictyol in conventional and
organic lemonade (n = 3, mean = S.E.M). a, P < 0.05, organic vs. conventional; b, P < 0.05,

R(+) vs. S(-).

Table 2.4. Content of homoeriodictyol enantiomers and its glycosides in conventional and
organic lemonade (n = 3, mean = S.E.M). a, P < 0.05, organic vs. conventional; b, P < 0.05,

R(+) vs. S(-).
%0 of Tota Convetiti onal Organic
Homoeri odictyol
Ei+)-Homoeriodictyol  3-(-)-Homeenodictyol | B -Homoenodictyel  3-(-) Homoerio dictyel
Glycoside 62934511 3366612 4638 +7.12 5144£0.51*
Aglycone 2.01 £0.45# 140+ 045 1.01+£043 1.17£0.51
Tota Enantiomer 64.94 £5.60° 35.06 £6.57 4739 £ 755 52.61 £1.02*
Total Gycosides 96.59 £1123 97.82 + 763
Total Aglycones 341+£0.94 218+£094
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2.4.6 Quantification and Racemization in Yerba Santa (Eridictyon glutinosum)

The HPLC method was applied to the quantification of homoeriodictyol enantiomers
in Yerba Santa (Figure 2.4). Yerba Santa has been reported to contain stereochemically
enriched S(-)-homoeriodictyol [10]. As shown in Fig.2.4.1, Yerba Santa contains
predominantly S(-)-homoeriodictyol (99.91%). The racemization process of homoeriodictyol
under 25% methanol heated to 70°C for 1 hour was examined. After racemization, the content
of S(-)-homoeriodictyol decreased from 99.91% to 61.71% and the content of R(+)-

homoeriodictyol increased to 30.29% (Fig. 2.5).

Be-)-H

{1} 500 1

S{-3-H

440

300 1

£G4
200 4

100 &

T T T T 1
0 a0 M @ o0 0 0 2 1 8 8 100

Time (min} 1) Time {emin} 2)

41

Absorbance {(m Ahs)

Absorbance {m Abs)

Figure 2.4. Representative chromatographs of (1) Yerba Santa (E. glutinosum) sample
containing homoeriodictyol (H) enantiomers predominantly in the S(-)-form (S(-)-H) and the
internal standard, R(-)-indoprofen (R(-)-I), and (2) Yerba Santa (E. glutinosum) after
racemization (1 h heat treatment at 70°C in 25% methanol). With this method, separation of
racemic indoprofen is also achieved (R(-)-1, S(+)-D).
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Figure 2.5. Comparison of enantiomeric content in Yerba Santa before and after racemization
of homoeriodictyol (n = 3, mean = S.E.M). a, P < 0.05, R(+) vs. S(-).

2.5 CONCLUSIONS

In summary, the developed stereospecific HPLC method for homoeriodictyol is
sensitive, reproducible, and accurate. It has been applied to study the stereospecificity of
homoeriodictyol in Yerba Santa, lemons, and lemonade and to examine racemization. The
HPLC method was for the first time used to examine the stereospecific concentrations of

homoeriodictyol in organic and conventional lemonade products.
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3 Stereospecific Assay Development and Validation of

Isosakuranetin

3.1 INTRODUCTION

This section describes the development of a selective, accurate, reproducible, and
stereospecific assay using reverse phase high performance liquid chromatography, RP-HPLC

for simultaneous separation of isosakuranetin enantiomers in biological matrices. Moreover,

the validation of the RP-HPLC assay in rat serum is reported in this chapter.

* A version of this Chapter has been published:
Vega-Villa KR, Remsberg CM, Podelnyk KL, and Davies NM. Stereospecific High-

Performance Liquid Chromatography Assay of Isosakuranetin in Rat Urine. J Chromtogr B
Analyt Technol Biomed Life Sci. 2008; 875: 142-147.
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3.2 BACKGROUND

Several method of isosakuranetin analysis have been previously attempted to separate
its enantiomers using MEKC, CE, and HPLC (Chapter I). However, no validated method
capable of baseline separation of isosakuranetin in biological matrices exists in the literature

to date.

3.3 METHODS

3.3.1 HPLC Apparatus and Conditions

The HPLC system used was a Shimadzu HPLC (Kyoto, Japan), consisting of an LC-
10AT-VP pump, a SIL-10AF auto injector, a SPD-M10A VP spectrophotometric diodearray
detector, and a SCL-10A VP system controller. Data collection and integration were
accomplished using Shimadzu EZ Start 7.1.1 SP1 software. The analytical column used was
Chiralpak® AD™-RH column (150mm X 4.6mm i.d., 5-um particle size, Chiral Technologies
Inc., Exton, PA, USA). The mobile phase consisted of 100% HPLC-grade methanol filtered
and degassed. Separation was carried out isocratically at 25 *+ 1°C, a flow rate of 0.40 ml/min,

with ultraviolet (UV) detection at 286 nm.

3.3.2 Chemicals and Reagents

Racemic isosakuranetin was purchased from Indofine Chemical Company
(Hillsborough, NJ, USA). Didymin (2S-isosakuranetin 7-rutinoside) was purchased from
Extrasynthése (Genay, France). 7-Ethoxycoumarin, B-glucuronidase from Escherichia coli
Type IX A, and halothane were purchased from Sigma Chemicals (St Louis, MO, USA).

HPLC grade methanol was purchased from J. T. Baker (Phillipsburg, NJ, USA). Rats were
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obtained from Charles River Laboratories. Ethics approval for animal experiments was

obtained from Washington State University.

3.3.3 Stock and Working Standard Solutions

Racemic isosakuranetin and 7-ethoxycoumarin (internal standard) solutions of 100.0
ug/ml were dissolved in methanol. Calibration standard curves were prepared yielding

concentrations of 0.5, 1.0, 5.0, 10.0, 50.0 and 100.0 ug/ml of each isosakuranetin enantiomer.

3.3.4 Sample Preparation

Urine from untreated rats was collected and used as the biological matrix; water was
used in the case of botanical analysis. To the working standards or urine samples (0.1 ml),
100.0 pl of 7-ethoxycoumarin (internal standard) was added into 2.0 ml Eppendorf tubes. The
mixture was vortexed (Vortex Genie-2, VWR Scientific, West Chester, PA, USA) for 1
minute and centrifuged at 5,000 r.p.m. for 5 minutes (Beckman Microfuge centrifuge,
Beckman Coulter Inc., Fullerton, CA, USA). The supernatant was collected and evaporated to
dryness under compressed nitrogen gas using an N-Evap analytical evaporator (Organomation
Associates, Inc., Berlin, MA, USA). The residue was reconstituted with 200.0 ul of mobile
phase, vortexed for 1 minute and centrifuged at 5,000 r.p.m. for 5 minutes, the supernatant
was then transferred to HPLC vials and 150.0 pl of it was injected into the HPLC system.

Serum from untreated rats was collected and also used as a biological matrix. A solid
phase extraction method was developed to prepare serum samples as follows: To 0.1 ml
serum, an equal volume of glycol/water buffer (pH 2.0) was added. Strata x 60 mg/3 mL

cartridge tubes (Phenomenex, Inc., Torrance, CA, USA) were conditioned and equilibrated
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with 2.0 ml methanol, and 2.0 ml HPLC grade water, respectively using a vaccum manifold
(Phenomenex, Inc., Torrance, CA, USA). After loading the buffer-treated samples at a flow
rate of 1-2 ml/min, cartridges were washed with 2.0 ml of water and 20:80 methanol/water
solution each. Cartridges were dry to completion for 30 - 60 seconds to ensure that all traces
of wash solvents were removed. Finally, elution of the samples from the cartridge was
accomplished using 4.0 ml 1:1 methanol/acetonitrile solution at a flow rate of 1 - 2 ml/min;
samples were collected in 15 ml conical tubes and dried to completion using a nitrogen
evaporator and stored at 4°C for future analysis. When all samples were ready for analysis,
0.3 ml of the mobile phase was used to reconstituted the samples, and 0.1 ml of 7-
ethoxycoumarin (IS) was added. Samples were centrifuged at 5,000 r.p.m. for 5 minutes. The

supernatant was collected and 150.0 ul transferred into HPLC vials for analysis.

3.3.5 Precision and Accuracy

The within-run and between-run precision and accuracy of the replicate assays (n = 6)
were tested at 0.5, 1.0, 5.0, 10.0, 50.0 and 100.0 pg/ml on the same day and on six different
days within one week, respectively. The precision was evaluated by the relative standard
deviation (R.S.D.). The accuracy was estimated based on the mean percentage error of

measured concentration to the actual concentration [142].

3.3.6 Limit of Quantification (LOQ) and Limit of Detection (LOD)

The LOQ was determined by repeated analysis of spiked rat urine samples in six

replicates. An acceptance criteria of 15% was used to determine precision and accuracy at the
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LOQ. A signal to noise ratio > 3:1 was used to determine the LOD by means of UV detection

of urine samples.

3.3.7 Recovery

The relative and absolute recovery for isosakuranetin enantiomers from biological
fluids were assessed at 0.5, 1.0, 5.0, 10.0, 50.0 and 100.0 pg/ml and the recovery of the
internal standard was evaluated at the concentration used in sample analysis (100.0 pg/ml).
The samples were prepared as described in the sample preparation section. Urine was used as
the matrix for the relative recovery studies, whereas water was used for the absolute recovery
studies. A known amount of racemic isosakuranetin or 7-ethoxycoumarin was spiked into 0.1
ml blank rat urine or water to give the above concentrations. The extraction efficiency was
determined by comparing the peak area ratio (PAR) of enantiomeric isosakuranetin and 7-
ethoxycoumarin to the PAR of corresponding concentration injected directly in the HPLC

without extraction.

3.3.8 Stability of Isosakuranetin Samples in Rat Urine

The freeze-thaw stability of isosakuranetin enantiomers was evaluated in triplicate at
0.5 and 100.0 pg/ml using quality control (QC) samples [143]. These samples were analyzed
without being frozen at first, and then stored at -70°C and thawed at room temperature (25 *
1°C) for three freeze-thaw cycles.

The stability of isosakuranetin in reconstituted extracts during run-time in the HPLC
auto-injector was investigated using pooled extracts from QC samples of two concentration

levels, 0.5 and 100.0 ug/ml [143]. Samples were kept in the sample rack of the auto-injector
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and injected into HPLC system every 4 hours, from O to 24 hours at the temperature of the

auto-injector (25 £ 1 °C).

3.3.9 Quantification in Grapefruit (Citrus paradisi)

Samples of grapefruit were purchased from grocery stores in the area. One milliliter of
fresh grapefruit juice obtained from the fruit was added into 15 ml conical tubes
corresponding to free and total duplicates. Three milliliters of HPLC-grade water was added
to all samples, followed by 25.0 ul of IS to the free samples only. One set of samples were
dried to completion using a nitrogen evaporator, and stored at 4°C until process. Another set
of samples was added 330.0 ul 0.78 M sodium acetate-acetic acid buffer (pH 4.8), and 300.0
ul 0.1 M ascorbic acid, samples were vortexed for 30 seconds, and 600.0 ul crude preparation
of Helix pomatia glucuronidase type H-2 was added and gently mixed. These samples
incubation in a water bath at 37°C was undertaken for 17-24 hours; 25 ul of IS were added,
followed by 3.0 ml of cold acetonitrile. Samples were vortexed for 30 seconds, centrifuged for
5 minutes at 5,000 r.p.m. and the supernatant was collected into new Eppendorf tubes, and
dried until completion under compressed nitrogen gas. The stored untreated samples were
removed from the refrigerator (4°C), and left at room temperature for 5 minutes Both sets of
samples were reconstituted at the same time, 400.0 ul of mobile phase was added to each
sample, samples were vortexed for 30 seconds, centrifuged for 5 minutes at 5,000 r.p.m. and
the supernatant was carefully transferred to HPLC vials; 150.0 ul of sample was injected into

the HPLC system for analysis.
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3.3.10 Data Analysis

Analyte quantification was based on calibration curves constructed using PAR of
isosakuranetin enantiomers to internal standard 7-ethoxycoumarin, against isosakuranetin

concentrations using unweighted least squares linear regression.

3.4 RESULTS AND DISCUSSION

3.4.1 Chromatography

Separation of isosakuranetin enantiomers and the internal standard in urine was
successfully achieved (Fig. 3.1). No interfering peaks co-elute with the compounds of interest
(Figs. 3.1.1). Didymin, the 7-rutinoside of isosakuranetin is described to be in the 2S
configurational state and is sold as S configuration by Extrasynthese [55,58,144]. When
didymin was cleaved to its aglycone using pf-glucuronidase and analyzed under our
chromatographic conditions, the 2S aglycone isosakuranetin eluted at 38 minutes. The
retention times of 2S- and 2R-isosakuranetin were approximately 38 and 51 minutes,
respectively. Separation of enantiomers is also possible at different flow rates as high as 1.0
ml/min with 4 minute separation of enantiomers and higher sensitivity due to decreased signal
to noise ratio. However, stereochemically pure enantiomers are more easily attained at a flow
rate of 0.40 ml/min due to a peak-to-peak separation of 14 minutes; optimized for our
isolation purposes for future pharmacological investigations of isosakuranetin enantiomers.
The internal standard eluted at approximately 10 minutes (Fig. 3.1.2). Optimal separation was

achieved with 100% HPLC-grade methanol and a flow rate of 0.40 ml/min.
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Figure 3.1. Representative chromatograms, of (1) drug-free rat urine demonstrating no
interfering peaks co-eluted with the compounds of interest; and (2) rat urine containing
isosakuranetin enantiomers each with concentration of 10.0 ug/ml and the internal standard
(IS), 7-ethoxycoumarin.

Enantioseparation of isosakuranetin was also successfully accomplished in rat serum

(Fig. 3.2). Optimal separation was achieved with 100% HPLC-grade methanol and a flow rate

of 0.40 ml/min.
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Figure 3.2. Representative chromatograms, of (1) drug-free rat serum demonstrating no
interfering peaks co-eluted with the compounds of interest; and (2) rat serum containing
isosakuranetin enantiomers each with concentration of 10.0 ug/ml and the internal standard
(IS), 7-ethoxycoumarin.
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3.4.2 Linearity, LOQ and LOD

Excellent linear relationships (r2 = 0.999) were demonstrated between PAR of
isosakuranetin enantiomers to the internal standard and the corresponding urine
concentrations of isosakuranetin enantiomers over a range of 0.5 to 100.0 pg/ml. Mean
regression lines from the validation runs were described by 2S-isosakuranetin (ug/ml) =
0.0304x — 0.0081 and 2R-isosakuranetin (ug/ml) = 0.0302x - 0.0068. LOQ of this assay was
0.5 pug/ml with the corresponding between-day R.S.D. of 7.97 and 10.90% for 2S- and 2R-
isosakuranetin, respectively and bias of 3.26 and 2.11% for 2S- and 2R-isosakuranetin,
respectively. The back-calculated concentration of QC samples was within the acceptance

criteria (Table 3.1).

Table 3.1. Within- and between-day precision and accuracy of the assay for isosakuranetin
(ISK) enantiomers in rat urine (n = 6, mean, R.S.D., and Bias).

Isos akuranetin concentration (pg/ml)
Observed R.S.D. (%) Bias (%)
Added

Within-d ay Between -day Within-d ay Between day Within-d ay Between -d ay
255K ZRJSK | 255K ZRISK | 2515K  ZR-BK | 25ISK  ZRJSK | 25-ISKk 2R-BK | 25.BK 2R-ISK

05 052 0.51 ns2 0s&2 5.55 14.49 797 10.90 326 21 3453 387
1 097 &7 101 1.14 8.05 022 M77 555 -2.53 -3.29 1.42 1352
5 536 5.30 490 477 3.24 423 1067 9E0 720 556 -206 -1 B3
10 1050 1096 10.43 1017 1.34 2.08 1032 10.64 887 967 447 1.74
50 51.85 5202 51.95 5251 1.18 177 562 3 371 4.04 39 503
100 9989 99 585 == hery 995 0.36 014 1.54 0sv an -0.15 073 072
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3.4.3 Precision, Accuracy and Recovery

Within- and between-run precision (R.S.D.) calculated during replicate assays (n = 6)
of isosakuranetin enantiomers was <15% over a wide range of concentrations (Table 3.1).
The intra- and inter-run bias assessed during the replicate assays for isosakuranetin
enantiomers varied between -0.72 and 13.82% (Table 3.1). These data indicated that the
developed HPLC method is reproducible and accurate. The mean extraction efficiency for
isosakuranetin enantiomers from biological fluids varied from 86.93 to 104.05% (Table 3.2).

Absolute recovery, in comparison, varied from 93.39 to 109.97%.

Table 3.2. Recovery of isosakuranetin enantiomers from rat urine (n = 6, mean + S.D.).

Concentration Recovery (%) (Mean £ 5D.)
(p'ml)
25 kosakuranetin  2R-ls osakuranetin

0.5 100 2547 99 101.72411 .08

1 1040521225 95,97 +12.54

5 91.3649.75 86.9345.71

10 95 6945 .87 94.0345.49

50 102 2243 57 58.9845.35
100 99.4641.05 99.7841.23

3.4.4 Stability of Isosakuranetin Samples

No significant degradation was detected in the samples of racemic isosakuranetin in
biological fluids following three freeze-thaw cycles. Recoveries of 2S- and 2R-isosakuranetin
were respectively from 91.36 to 104.05% and 86.93 to 101.72% following three freeze-thaw
cycles for QC samples of isosakuranetin or 7-ethoxycoumarin. There was no significant

decomposition observed after the reconstituted extract of racemic isosakuranetin was stored in
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the auto-injector at room temperature for 24 h; measured values were 90.06 to 98.52% of the
initial value for extracts of racemic isosakuranetin in biological fluids (0.5-100.0 ug/ml). The
use of B-glucuronidase has previously been shown to have no effect on the stability and

selectivity of enantioseparation assays of similar chiral flavanones [145].

3.4.5 Quantification in Grapefruit (Citrus paradisi)

Isosakuranetin has been previously reported in Citrus (Chapter I); however
enantiomeric separation has not been previously published. The fruit of Citrus paradisi is
classified as a modified berry called hesperidium. Carpels contain juicy vesicles that form the
edible part of the fruit (Chapter II). The juice extracted from carpels in grapefruit was used to

analyze the isosakuranetin content (Fig. 3.3).

Glycosides
a

o H 2S-|sosakuranetin
£ 600 4 2R-Isosakuranetin
2 BERE 2S-lsosakuranetin Glycoside
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Figure 3.3. Content of isosakuranetin enantiomers and its glycosides in samples of grapefruit
(Citrus paradisi, n = 3, mean £ S.E.M.). a, P <0.05, 2S vs. 2R.
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The highest concentrations of isosakuranetin enantiomers corresponded to the
glycosides. The 2S glycoside and the 2R aglycone (25.58% and 0.20% of total isosakuranetin,
respectively) presented the highest concentrations for glycosides and aglycones, respectively.

A summary of the isosakuranetin content in grapefruit is presented in Table 3.3.

Table 3.3. Content of Isosakuranetin enantiomers and its glycosides in grapefruit (Citrus
paradisi,n =3, mean = S.EM.) a, P <0.05, 2S vs. 2R.

%o of Total Ze-lsosakuranetin 2R Isosakuranetin
Isczalmranetin
Glycoside 6402 £0.02¢ 35304003
Aglycone 0.09+£003 0.50+£003%
Total Enanti otmer 64.11 £ 0.05* 35839+ 0.06
Total Glycosides 9941 +£0.05
Tota Aglycones 0.59 £ 0.06

3.5 CONCLUSIONS

In summary, the developed stereospecific HPLC method for isosakuranetin is sensitive,
reproducible, and accurate. It has been applied for the first time to examine the enantiomeric

content of isosakuranetin in grapefruit.
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4 Stereospecific Assay Development and Validation of Taxifolin

4.1 INTRODUCTION

This section describes the development of a selective, accurate, reproducible, and
stereospecific assay using reverse phase high performance liquid chromatography, RP-HPLC
for simultaneous separation of taxifolin enantiomers in biological matrices. The validation of

the RP-HPLC assay in rat serum is reported in this chapter.

* A version of this Chapter has been published:

Vega-Villa KR, Remsberg CM, Ohgami Y, Yanez JA, Takemoto JK, Andrews PK and
Davies NM. Stereospecific High-Performance Liquid Chromatography of Taxifolin,
Applications in Pharmacokinetics, and Determination in Tu Fu Ling (Rhizoma smilacis
glabrae) and apple (Malus x domestica). Biomed Chromatogr. 2009; Mar 5 [Epub ahead of
print].
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4.2 BACKGROUND

Preliminary enantioseparation of taxifolin has been previously attained using LC, and
NMR spectrometry although separation of all four enantiomers has not been previously

achieved in the biomedical literature (Chapter I).

4.3 METHODS

4.3.1 HPLC Apparatus and Conditions

The HPLC system used was a Shimadzu HPLC (Kyoto, Japan), consisting of an LC-
10ATVP pump, a SIL-10AF auto injector, a SPD-M10A VP UV/VIS spectrophotometric
diodearray detector, and a SCL-10A VP system controller. Injection volume was 150.0 pl.
Data collection and integration were accomplished using Shimadzu EZ Start 7.1.1 SP1
software. The analytical column used was a Chiralcel® OJ-RH column (150mm X 4.6mm i.d.,
5-um particle size, Chiral Technologies Inc., Exton, PA, USA) protected by a Chiralcel® OJ-
RH guard column (0.4cm x lcm, 5-um particle size, Chiral Technologies Inc., Exton, PA,
USA). The mobile phase consisted of acetonitrile, water, and phosphoric acid (15:85:0.5,
v/vlv), filtered and degassed under reduced pressure prior to use. Separation was carried out

isocratically at 25 + 1°C, a flow rate of 0.35 ml/min, with ultraviolet (UV) detection at 288

nm.

4.3.2 Chemicals and Reagents

Racemic taxifolin was purchased from Indofine Chemical Company (Hillsborough,
NJ, USA), (2R3R)-(+)-taxifolin from Extrasynthése (Genay, France), and (2R3R)-(+)-

taxifolin-3-O-rhamnoside from Apin Chemicals Ltd. (Oxon, United Kingdom). 2-
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Thiobarbituric acid was purchased from Fluka (St Louis, MO, USA). B-Glucuronidase from
Escherichia coli Type IX A, formic acid, halothane and B-glucuronidase from Helix pomatia
Type-HP-2 were purchased from Sigma Chemicals (St Louis, MO, USA). HPLC grade
acetonitrile and water were purchased from J. T. Baker (Phillipsburg, NJ, USA). Phosphoric
acid was purchased from Aldrich Chemical Co. Inc. (Milwaukee, WI, USA). Rats were
obtained from Charles River Laboratories. Ethics approval for animal experiments was
obtained from Washington State University IACUC, Institutional Animal Care and Use

Committee.

4.3.3 Stock and Working Standard Solutions

Racemic taxifolin and 2-thiobarbituric acid (2-TBA) solutions of 100.0 pg/ml were
dissolved in methanol. These solutions were protected from light and stored at -20°C between
uses, for no longer than three months. Calibration standard curves in serum were prepared
daily from the stock solutions by sequential dilution with blank rat serum, yielding
concentrations of 0.5, 1.0, 5.0, 10.0, 50.0 and 100.0 pg/ml of each taxifolin enantiomer.

Quality control (QC) samples were prepared from the stock solution of racemic
taxifolin by dilution with blank rat serum to yield concentrations of 0.5, 1.0, 5.0, 10.0, 50.0
and 100.0 pg/ml. The QC samples were divided into 0.5 ml aliquots in screw-capped test

tubes and stored at -20°C before use.

4.3.4 Sample Preparation

Rats were humanely sacrificed using halothane, blank serum was obtained from

untreated rats, and stored at -20°C to be used as the biological matrix; water was used in the
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case of botanical analysis. To the working standards or samples (0.1 ml), 25.0 pl of 2-
thiobarbituric acid (internal standard, IS) was added into 2.0 ml Eppendorf tubes. The mixture
was vortexed for 1 minute and 1.0 ml of ice-cold acetonitrile was added to precipitate proteins.
The samples were centrifuged at 5,000 r.p.m. for 5 minutes using Beckman Microfuge
(Beckman Coulter, Inc., CA, USA). The supernatant was transferred to new vials and
evaporated to dryness under compressed nitrogen gas using an analytical evaporator
(Organomation Associates Inc., Berlin, MA, USA). The residue was reconstituted with 200.0
ul of mobile phase, vortexed and centrifuged, the supernatant was transferred to HPLC vials,

and 150.0 pl was injected into the HPLC system.

4.3.5 Precision and Accuracy

The within-run and between-run precision and accuracy of the replicate assays (n = 6)
were tested by using six different concentrations, namely 0.5, 1.0, 5.0, 10.0, 50.0 and 100.0
ug/ml, on the same day and on six different days within one week, respectively. The precision
was evaluated by the relative standard deviation (R.S.D.). The accuracy was estimated based
on the mean percentage error of measured concentration to the actual concentration [142].

The values of R.S.D. and bias should be within 15%, at all concentrations tested [146].

4.3.6 Limit of Quantification (LOQ) and Limit of Detection (LOD)
The LOQ and LOD were defined in Chapter II. The LOQ was determined by repeated

analysis of spiked rat serum samples in six replicates. An acceptance criteria of 15% was used
to determine precision and accuracy at the LOQ. A signal to noise ratio > 3:1 was used to

determine the LOD by means of UV detection of serum samples.
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4.3.7 Recovery

Relative recovery of taxifolin enantiomers was accomplished over the same
concentration range (0.5-100.0 pg/ml, n = 6). A known amount of racemic taxifolin was
combined with 0.1 ml of rat serum to give the above concentrations, and 1.0 ml of ice-cold
acetonitrile was added to denature and precipitate proteins. The mixture was centrifuged at
5,000 r.p.m. for 5 minutes and the resulting supernatant was analyzed by HPLC. The
extraction efficiency was determined by comparing the peak area ratio (PAR) of enantiomeric
taxifolin and 2-thiobarbituric acid to the PAR of corresponding concentration injected directly

in the HPLC without protein precipitation.

4.3.8 Stability of Taxifolin Samples in Rat Serum and Urine

The freeze-thaw stability of taxifolin enantiomers (0.5-100.0 pg/ml) was evaluated in
triplicate without being frozen at first, and then stored at -70°C and thawed at room
temperature (25 = 1°C) for three cycles. The stability of taxifolin in reconstituted extracts was
investigated using pooled extracts from QC samples of one concentration level, 10.0 pg/ml.
The sample was kept in the sample rack of the auto-injector and injected into HPLC system

every 4 hours, from 0 to 24 hours.

4.3.9 Circular Dichroism Procedures

Circular Dichroism (CD) data were recorded on an AVIV stopped flow CD
spectrometer (Model 202 SF, AVIV Instruments Inc., Lakewood, New Jersey, USA)

connected to a refrigerated recirculator (CFT-75, Neslab).
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4.3.10 LC-ESI-MS System and Conditions

To further verify the separation of taxifolin enantiomers, a LC-ESI-MS was employed.
The LC-ESI-MS system used was a Shimadzu LCMS-2010 EV liquid chromatograph mass
spectrometer system (Kyoto, Japan) connected to the LC portion consisting of two LC-10AD
pumps, a SIL-10AD VP auto injector, a SPD-10A VP UV detector, and a SCL-10A VP
system controller. Data analysis was accomplished using Shimadzu LCMS Solutions Version
3 software (Kyoto, Japan). The chromatographic methods were only slightly modified from
the above HPLC system conditions. The same Chiralcel® OJ-RH analytical column and guard
column were used, UV detection was set at 288 nm, and the flow rate was 0.35 ml/min. The
mobile phase was altered to consist of acetonitrile, water, and formic acid (15:85:0.5, v/v/v).
Formic acid is preferred in electrospray ionization due to improved ionization compared to
phosphoric acid which was employed in the HPLC method. The mass spectrometer conditions
consisted of a curved desolvation line (CDL) temperature of 200°C and a block temperature of
200°C. The CDL, interface, and detector voltages were -20.0 V, 4.5 kV, and 1.2 kV,
respectively. Vacuum was maintained by an Edwards® E2M30 rotary vacuum pump
(Edwards, UK). Liquid nitrogen (Washington State University Central Stores) was used as a
source of nebulizer gas (1.5 L/min) and as a source of drying gas (0.1 L/min). Taxifolin was
monitored in selected ion monitoring (SIM) negative and positive mode with the single plot

transition at m/z 303 and 305, respectively.

4.3.11 Extraction of Taxifolin from Rhizoma smilacis glabrae

Taxifolin was extracted from Rhizoma smilacis glabrae following the procedure

described by Prati, et al. [91] with minor modifications. Briefly, 1.0 g of tu fu ling herb
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extract powder was extracted with 3 x 30.0 ml of 70% ethanol, adjusted to pH 2.0 with formic
acid. Each step involved an extraction for 3 hours at room temperature. The extracts were
combined and defatted with 3 x 30.0 ml of petroleum ether. The defatted extracts were dried
under nitrogen gas using an analytical evaporator, reconstituted in mobile phase, and injected

into the HPLC system at a volume of 150.0 pl for analysis.

4.3.12 Extraction of Taxifolin from Malus x domestica

Extraction of taxifolin from Malus x domestica was accomplished as follows: 0.1 g of
sample (peel or flesh, organic growth) was measured and frozen under liquid nitrogen. Each
sample was prepared in duplicate; the frozen samples were placed into the extraction glass
tube and 1.0 ml of methanol was added. Extraction was performed for 1 minute using a
Thomas tissue grinder (Thomas Scientific, Swedesboro, NJ, USA). The extraction was mixed
and the fruit tissue was placed into a 2.0 ml Eppendorf tube, 0.5 ml of methanol was added to
the extraction glass for rinsing and combined with the extraction mix. A total volume of 1.5
ml was obtained per extraction; the samples were vortexed for 30 seconds and centrifuged at
5,000 r.p.m. for 5 minutes One of the duplicates was treated to extract only aglycones (free)
and the second of the duplicates was treated to cleave any glycosides to aglycones (total) by
using B-glucuronidase from Helix pomatia Type HP-2 [147]. The supernatant of the free
untreated samples was transferred into 2.0 ml Eppendorf tubes, and 25 pl of IS was added,
samples were vortexed for 10 seconds, dried to completion under nitrogen gas using an
analytical evaporator, and stored at 4°C before analysis. The supernatant of the total samples
was transferred into 15.0 ml conical tubes. The total samples were dried to completion under

nitrogen gas, then 1.0 ml of HPLC-grade water, 110.0 ul 0.78 M sodium acetate-acetic acid
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buffer (pH 4.8), and 100.0 pl 0.1 M ascorbic acid were added. The samples were vortexed for
30 seconds, and incubated for 17-24 hours at 37°C in a shaking incubator following the
addition of 200.0 ul of crude preparation of B-glucuronidase from Helix pomatia Type HP-2.
After incubation, 1.0 ml of ice-cold acetonitrile was added to stop the enzymatic activity of -
glucuronidase, the samples were vortexed for 10 seconds, and centrifuged at 5,000 r.p.m. for
5 minutes The supernatant was collected into 15.0 ml conical tubes and dried to completion
under nitrogen gas using an analytical evaporator after 25.0 ul of IS was added; then were
stored at 4°C before analysis. When all samples were ready for analysis, they were
reconstituted in 200.0 ul of mobile phase, vortexed for 30 seconds, and centrifuged at 5,000
r.p.m. for 5 minutes; 150.0 pl of sample was injected into the HPLC system for analysis.
Glycoside content was calculated by subtracting the concentration of the free samples from

the total samples incubated with B-glucuronidase.

4.3.13 Data Analysis

Quantification was based on calibration curves constructed using PAR of taxifolin
enantiomers to IS, against taxifolin concentrations using unweighted least squares linear

regression.

4.4 RESULTS AND DISCUSSION

4.4.1 Chromatography

Baseline separation of taxifolin enantiomers and the IS in biological fluids was
successfully achieved (Fig. 4.1). No interfering peaks co-eluting with the compounds of

interest were evident (Fig. 4.1.1). Taxifolin-3-O-rhamnoside (astilbin, Fig. 1.5), is described



61

to be in the (2R3R)-(+) configurational state and is sold as (2R3R)-(+) configuration by Apin
Chemicals Ltd. (2R3R)-(+)-Taxifolin is sold as by Extrasynthese as the pure enantiomer.
When taxifolin-3-O-rhamnoside was cleaved to its aglycone using pf-glucuronidase and
analyzed under our chromatographic conditions, the (2R3R)-(+)-taxifolin configuration eluted
at approximately 82 minutes. When the pure (2R3R)-(+) enantiomer was analyzed, it also
eluted around 82 minutes, confirming that the taxifolin-3-O-rhamnoside has this
configurational state. Based on literature information [130], and comparing our CD data
obtained with published work [83,86,111,117,148], we were able to distinguish the
enantiomers of taxifolin which eluted in the following order: (2S3R)-(+) ~68 min, (2S3S)-(-)
73 min, (2R3R)-(+) 82 min, and (2R3S)-(-) 126 min (Fig 4.2). Mass spectrometry was used to
confirm the m/z ratio of each eluted peak for identification of the taxifolin enantiomers (Fig.
4.3). The IS eluted at approximately 10 minutes (Fig. 4.1.2). Several HPLC conditions were
tested before optimal separation was achieved; the best resolution was attained when the
combination of acetonitrile, water, and phosphoric acid was 15:85:0.5 (v/v/v) and the flow
rate of 0.35 ml/min. Identification of enantiomers of taxifolin has been previously reported;
however, these studies only addressed the identification or separation of only two enantiomers
of taxifolin [104,107,123,131] or its glycosides [77,98]. Identification or separation of the
four taxifolin enantiomers has only been previously attained when taxifolin is glycosylated
[87,96]. Identification of the four taxifolin enantiomers was reported by Kielhmann and Slade,
and Kolesnik et al., but enantio-isolation was not accomplished by Kielhmann and Slade [80]
and no chromatographic or stereospecific data has been made available by Kolesnik et al.

[130].
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Figure 4.1. Representative chromatograms of (1) drug-free serum demonstrating no
interfering peaks co-eluted with the compounds of interest; and (2) serum containing
enantiomers — (2S3R)-(+)-, (2S3S)-(-)-, (2R3R)-(+)-, and (2R-3S)-(-)-taxifolin (T) — after 100
pg/ml taxifolin injection.
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Figure 4.2. Representative circular dichroism data of each isolated taxifolin enantiomer:
(2S3R)-(+), (2S35)-(-), (2R3R)-(+), and (2R3S)-(-).
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Figure 4.3. Representative liquid chromatography-mass spectrometry data of taxifolin (MW
= 304.25 g/mol) monitored in selected ion monitoring (SIM) negative (top) and positive
(bottom) mode.

4.4.2 Linearity, LOQ and LOD

Excellent linear relationships (r2 = 0.995) were demonstrated between PAR of
taxifolin enantiomers to the IS and the corresponding serum concentrations of taxifolin
enantiomers over a range of 0.5 to 100.0 pug/ml. Mean regression lines from the validation
runs were described by the four taxifolin enantiomers as follows: (2S3R)-(+)-taxifolin (ug/ml)
= 0.0024x — 0.0014, (2S3S)-(-)-taxifolin (ug/ml) = 0.0550x + 0.0066, (2R3R)-(+)-taxifolin
(ng/ml) = 0.0608x + 0.0067, and (2R3S)-(-)-taxifolin (ng/ml) = 0.0030x - 0.0002. LOQ of this
assay was 0.5 pg/ml with the corresponding between day R.S.D. of 12.50, 6.51, 8.15, and
7.53% for (2S3R)-(+)-, (2S35)-(-)-, (2R3R)-(+)-, and (2R3S)-(-)-taxifolin, respectively and
bias of 6.14, 14.04, -0.96, and 6.75% for (2S3R)-(+)-, (2S3S)-(-)-, (2R3R)-(+)-, and (2R3S)-
(-)-taxifolin, respectively (Table 4.2). Table 4.1 demonstrates that the back-calculated

concentration of QC samples was within the acceptance criteria.
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Table 4.1. Within-day precision and accuracy of the assay for taxifolin enantiomers in rat
serum (n = 6, mean, R.S.D., and Bias).

Taxifolin concentration {pg/ml) — Within -d ay

Added Observed R.S.D. (%) Bias (%)

253R 2538 ZR3R ZA3S 253R 2538 ZR3R ZR3s 253R 2538 Z2R3IR ZR3S
i+ i i+ {1 i+ i1 i+ i i+ i-i i+ i-i
045 048 043 054 0455 1.1 11.64 9.78 0.50 287 416 £.ar 980
1 nas 083 1.00 nar 4.48 311 1487 1200 | -10.87 BAE7 005 -3.43
4 202 507 4 85 5.43 13.34 14.08 9.38 11.04 047 1.43 -1.M ga7
10 10.87 10.45 10.65 10.74 10.26 .06 4.58 5.53 gk8 479 5.48 743
a0 4973 4823 4662 46.43 1065 11.58 8.61 g.24 053 -353 -6.76 -F14

100 10085 10076 10146 10078 352 267 1.74 3.84 st 0.76 148 0.ra

Table 4.2. Between-day precision and accuracy of the assay for taxifolin enantiomers in rat
serum (n = 6, mean, R.S.D., and Bias).

Taxifolin concentration (pg/ml — Between -day

Added Obs erved RSD. () Bias (%)

253R 2535 2R3R ZR3S 253R 2535 ZRIR ZR3S 253R 2535 Z2R3IR ZR3S
{+1 i i+ i1 i+ i1 i+ i-1 i+ i i+ i1
045 na3 057 0.50 0.53 12.50 651 g.15 7A3 6.14 14.04 086 675
1 1.10 1.02 0.56 1.06 6.40 1286 1367 10.38 845 1.84 376 576
] 4.41 455 474 4.36 4.18 548 411 10.61 -1185 899 423 1271
10 1102 1080 9.78 11.21 10.35 14.95 522 34 1016 237 756 12.07
50 4872 4736 ABB4 4908 3.80 543 229 4.36 -2.55 -530 .73 -1.87

100 1047 10132 10171 10073 242 123 071 1.49 0.47 1.32 1.71 o.7a

4.4.3 Precision, Accuracy and Recovery

Within- and between-run precision (R.S.D.) was calculated during replicate assays (n
= 6) of taxifolin enantiomers was <15% over a wide range of concentrations (Tables 4.1 and

4.2). The intra- and inter-run bias assessed during the replicate assays for taxifolin
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enantiomers varied between -12.71 and 14.04% (Tables 4.1 and 4.2). These data indicated
that the developed HPLC method is reproducible and accurate. The mean extraction
efficiency for taxifolin enantiomers from biological fluids varied from 91.50 to 111.10%

(Table 4.3).

Table 4.3. Recovery of taxifolin enantiomers from rat serum (n = 6, mean + S.D.).

Concentration Recovery (%) {(Mean* S.D)
(L g/mi)
283R (#) 2538 () 2R3R {#) 2R3S (9
0.5 10180 %113 9820+ 1144 10033+979 10392052
1 9363 +296 1M0353+322 10363+706 9891+1187
5 9754 £13.0 1M04568+1294 9680613 1M110£12.27
10 10570+ 915 11095 +6.72 9934 +455 9975+6381
50 1M4868£002 10107+£1170 9150+£787 9638+x796
100 96.19 £ 3.38 9855+264 9342+£164 9509+£365

4.4.4 Quantification of Taxifolin in Tu fu ling (Smilax glabra rhizome) and Apple
(Malus x domestica)

The HPLC method was applied to the quantification of taxifolin enantiomers in
Rhizoma smilacis glabrae and Malus x domestica (Fig. 4.4 - 4.6). Rhizoma smilacis glabrae
contained predominantly (2R3R)-(+)-taxifolin (99.97 %) while (2S3R)-(+)-, (2S3S)-(-)-, and
(2R3S)-(-)-taxifolin are found in minor quantities (0.008-0.01 %).

The fruit of Malus x domestica has been classified as a pome fruit, and also as an
accessory fruit because the edible portion originates from the non-ovarian, fused floral tube.
The fruit is usually composed of five carpels, with the pericarp forming the core. The edible
portion is called the cortex and is formed by the fusion of the floral tube (hypanthium).

Samples of the cortical tissue were taken and labeled “peel”.
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The content of taxifolin enantiomers was evaluated in conventional and organic apples
(Fig. 4.5 and Fig. 4.6). Overall, peel samples contained higher quantities of taxifolin

enantiomers when compared to flesh in both conventional and organic apples.
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Figure 4.4. Representative chromatograph of tu fu ling (Rhizoma smilacis glabrae) sample
containing taxifolin (T) enantiomers predominantly in the (2R3R)-(+)-form. The internal
standard (IS) used was 2-thiobarbituric acid (2-TBA).

In conventionally grown apples, the highest concentrations of taxifolin enantiomers in
peel corresponded to taxifolin glycosides. The (2R3S)-(-)-taxifolin glycoside (41.12% of total
taxifolin) and the (2S3R)-(+)-taxifolin aglycone (16.99% of total taxifolin) presented the

highest concentrations for glycosides and aglycones, respectively (Fig. 4.5).
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Figure 4.5. Content of taxifolin enantiomers and its glycosides in flesh and peel samples of

conventionally grown ‘Red Delicious’ apple (Malus x domestica, n = 3, mean + S.E.M.). a, P
< 0.05, conventional vs. organic.

Peel samples of organically grown apples contained higher quantities of taxifolin
enantiomers when compared to flesh, 509.91 + 5.60 mg/100 g FW and 112.65 + 2.49 mg/100
g FW, respectively. The aglycone and glycoside forms of (2R3S)-(-)-taxifolin corresponded to
the highest concentrations of each taxifolin form, respectively. The highest concentrations of
taxifolin enantiomers in the peel of organic apples corresponded to glycosides, similar to the
findings observed in conventional apples. Nevertheless, most of the taxifolin enantiomers
demonstrated higher concentrations in organic apples compared to conventional apples. A
summary of the taxifolin content in both conventional and organic apples is presented in

Table 4.4.
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Figure 4.6. Content of taxifolin enantiomers and its glycosides in flesh and peel samples of
organically grown ‘Red Delicious’ apple (Malus x domestica, n = 3, mean + S.E.M.). a, P <

0.05, conventional vs. organic.

Table 4.4. Content of taxifolin enantiomers and its glycosides in conventional and organic
apple (Malus x domestica, n = 3, mean £ S.E.M.). a, P < 0.05, conventional vs. organic.

%0 of Total T acifolin Corrrenti onal O Zami ¢
Flezh Peel Flesh Peel
(253R)-(+) Taxifolin = Flycoside FT2zx011* 062+£011 3.92+010 F41z2+015*
Aglyeone 3F5+010% 1692 +060* 2324010 345+0.11
Total 1097 +022° 3T61+0.71 630 =020 ITST+ 026
(2535 (- ) T axifolin Flycoside 001 +4E-03 0002 £2E-04 | 002 x1E-03* 009 +001*
& glyeone 0.05 £ 7E-03 0.08 £6E-03 005 +£1E-03* 015+1E-03*
Total 0.06 = 1E-01 0.07 +6E-D4 0.08 + 4E-03* 0.24 +001*
(IR3R)-(+) Taxifolin Glycoszide 0004 £1E-04 0.03x1E-03 0.001 £1E-04 062 +002*
Aglycone 0.03+ 5E-03 0.03 £ 2E-03 003+ SE-03 004001
Total 003+1E-04 0.06 + 3E-03 003+ SE-03 0.66 + 0.03*
(2R 35)-(- ) Taxifolin Glycogide 057+011 41.12+011* | 6.29+0.10* 36.32+015
Aglyeone 330 +£0.13 620 £0.15 539 x0.10° Tilox0.50*
Total ABT 024 4732+ 026 1168 =0.20* 4342 £ 0.65
Total Glycosides TH1 +0.22 61.77 £ 022 1023 +0.20 * 7116 £ 0.28*
Total Aglycones T12+0.24 2328 +076" | 7TB6 +021* 1074 +0.62
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4.4.5 Stability of Taxifolin Samples

No significant degradation was detected after the samples of racemic taxifolin in
biological fluids following three freeze-thaw cycles. Recovery of the taxifolin enantiomers
were from 79.96 to 109.79%, 92.09 to 103.60, 92.47 to 117.28, and 91.07 to 107.14% for
(2S3R)-(+)-, (2535)-(-)-, (2R3R)-(+)-, and (2R3S)-(-)-taxifolin, respectively; following three
freeze-thaw cycles for QC samples of taxifolin. There was no significant decomposition
observed after the reconstituted extract of racemic taxifolin was stored in the auto-injector at
room temperature for 24 h; the measurements were from 97.87 to 98.90% of the initial value

for extracts of racemic taxifolin in biological fluids of 0.5 to 100.0 pg/ml.

4.5 CONCLUSIONS

In summary, the developed stereospecific HPLC method for taxifolin is sensitive,
reproducible, and accurate. It has been applied for the first time to examine the concentrations
of enantiomeric taxifolin in Rhizoma smilacis glabrae and organic and conventional Malus x
domestica. Further studies are ongoing in our laboratory to further characterize taxifolin and

other flavonoid enantiomers as well as their pharmacological and toxicological activity.
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5 Pre-Clinical Pharmacokinetics of Racemic Homoeriodictyol,

Isosakuranetin, and Taxifolin in Rats

5.1 INTRODUCTION

This chapter describes the stereospecific pharmacokinetic disposition of
homoeriodicytol, isosakuranetin, and taxifolin in Sprague-Dawley male rats as modeled using
WinNonlin® pharmacokinetic software. The validated HPLC methods are used to analyze
serum and urine samples of rats following intravenous administration of each flavonoid via
jugular vein administration. The characterization and interpretation of the pharmacokinetic

disposition profiles of homoeriodicytol, isosakuranetin, and taxifolin are described.

* A version of this Chapter has been submitted to Biopharmaceutics and Drug Disposition,
2009
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5.2  BACKGROUND

Humans ingest flavonoids including homoeriodicytol, isosakuranetin, and taxifolin
from a variety of dietary sources on a daily basis. In addition, these compounds are all
available in a plethora of nutraceutical products. Moreover, some of these compounds are
being scrutinized and developed into therapeutic agents due to their pharmacological activities
(Chapter I).

Small structural differences — like those produced by chirality — in the chemical
structures of homoeriodicytol, isosakuranetin, and taxifolin may yield significant differences
in their pharmacokinetic disposition. Previous pharmacokinetic studies of these compounds
have not taken into consideration the chemical stereospecificity of homoeriodicytol,
isosakuranetin, and taxifolin (Chapter I).

Therefore, it is fundamental to characterize the distribution, metabolism and
elimination of these compounds. The area under the curve (AUC); serum half-life (t¥%); urine
half-life (tY2,); total, hepatic and renal clearance (CLt, CLy, CLR); volume of distribution
(Vss); and extraction ratio (ER) of the stereoisomers of homoeriodicytol, isosakuranetin, and

taxifolin were determined in a rat model.

5.3 METHODS

5.3.1 Chemicals and Reagents

Racemic homoeriodictyol, isosakuranetin, and taxifolin were purchased from Indofine
Chemical Company (Hillsborough, NJ, USA); (2R3R)-(+)-taxifolin from Extrasynthese
(Genay, France). Dimethyl sulfoxide (DMSO), indoprofen, 7-ethoxycoumarin, 2-

thiobarbituric acid, B-glucuronidase from E. coli Type IX-A, and halothane were purchased
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from Sigma Chemicals (St Louis, MO, USA); HPLC grade acetonitrile, methanol and water
were purchased from J. T. Baker (Phillipsburg, NJ, USA). Phosphoric acid was purchased
from Aldrich Chemical Co. Inc. (WI, USA). PDI sterile alcohol prep pads were purchased
from Professional Disposables International (Orangeburg, NJ, USA). Dr. Bond™ super glue
was purchased from Permatex, Inc. (Solon, OH, USA). 0.9% Sodium chloride irrigation, USP
was purchased from Baxter Healthcare Corporation (Deerfield, IL, USA). Rats were obtained
from Charles River Laboratories. Ethics approval for animal experiments was obtained from
the Institutional Animal Care and Use Committee of Washington State University (approval

number 3204).

5.3.2 Surgical Equipment

Silastic® laboratory tubing (0.64 mm LD. x 1.19 mm O.D.) was purchased from Dow
Corning Corporation (Midland, MI, USA). Intramedic™ polyethylene (PE) 50 (0.56 mm LD.
x 0.93 mm 0O.D.), 90 (0.83 mm LD. x 1.23 mm O.D.), and 190 (1.15 mm LD. x 1.64 mm
0.D.) tubing was purchased from Becton Dickinson and Company (Sparks, MD, USA).
Tygon® R-3603 flexible plastic tubing (0.76 mm LD. x 2.30 mm O.D.) was purchased from
Saint-Gobain Performance Plastics (Akron, OH, USA). Monoject® 23 gauge (0.6 mm x 25.0
mm) and 18 gauge (1.2 mm x 38.1 mm) polypropylene hub hypodermic needles were
purchased from Sherwood Medical (St Louis, MO, USA). Ethicon reverse cutting PDS'TI
monofilament (polydioxanone) clear surgical sutures (size 4-0, needle FS-2) were purchased
from Ethicon, a division of Johnson & Johnson Medical Limited (Livingston, UK). Look®
black braided silk non-absorbable, non-sterile surgical suture (size 3-0) was purchased from

Surgical Specialties Corporation (Reading, PA, USA). The FluTec Mk III, a precision
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temperature-compensated anesthetic vaporizer from Cyprane (Keighley, Yorkshire, UK;
distributed by Fraser Harlake, Orchard Park, NY, USA) was utilized along with an MXR
anesthetic regulator from Porter Instruments Co., Inc. (Hatflied, PA, USA) during the surgical

procedures.

5.3.3 Chromatographic Systems and Conditions

The HPLC system used in the analysis of homoeriodicytol was a Shimadzu HPLC
(Kyoto, Japan), consisting of an LC-10ATVP pump, a SIL-10AF auto injector, a SPD-M10A
VP spectrophotometric diodearray detector, and a SCL-10A VP system controller. Data
collection and integration were accomplished using Shimadzu EZ Start 7.1.1 SP1 software.
The analytical column used was Chiralcel® OJ-RH column (150mm X 4.6mm i.d., 5-um
particle size, Chiral Technologies Inc., PA, USA) protected by a Chiralcel® OJ-RH guard
column (0.4cm x 1cm, 5-um particle size). The mobile phase consisted of acetonitrile, water
and phosphoric acid (22:78:0.1, v/v/v), filtered and degassed. Separation was carried out
isocratically at 25 £ 1°C and a flow rate of 1.0 ml/min with ultraviolet (UV) detection at 288

nm as validated and described in detail in Chapter II.

The HPLC system used in the analysis of isosakuranetin was a Shimadzu HPLC
(Kyoto, Japan), consisting of an LC-10AT-VP pump, a SIL-10AF auto injector, a SPD-M10A
VP spectrophotometric diodearray detector, and a SCL-10A VP system controller. Data
collection and integration were accomplished using Shimadzu EZ Start 7.1.1 SP1 software.
The analytical column used was Chiralpak® AD™-RH column (150mm x 4.6mm i.d., 5-um
particle size, Chiral Technologies Inc., Exton, PA, USA). The mobile phase consisted of

100% HPLC-grade methanol filtered and degassed. Separation was carried out isocratically at



74

25 = 1°C and a flow rate of 0.40 ml/min with ultraviolet (UV) detection at 286 nm as

validated and described in Chapter III.

The HPLC system used in the analysis of taxifolin was a Shimadzu HPLC (Kyoto,
Japan), consisting of an LC-10ATVP pump, a SIL-10AF auto injector, a SPD-M10A VP
UV/VIS spectrophotometric diodearray detector, and a SCL-10A VP system controller. Data
collection and integration were accomplished using Shimadzu EZ Start 7.1.1 SP1 software.
The analytical column used was a Chiralcel® OJ-RH column (150mm X 4.6mm i.d., 5-um
particle size, Chiral Technologies Inc., Exton, PA, USA) protected by a Chiralcel® OJ-RH
guard column (0.4cm x lcm, 5-um particle size, Chiral Technologies Inc., Exton, PA, USA).
The mobile phase consisted of acetonitrile, water, and phosphoric acid (15:85:0.5, v/v/v),
filtered and degassed under reduced pressure prior to use. Separation was carried out
isocratically at 25 £ 1°C and a flow rate of 0.35 ml/min with ultraviolet (UV) detection at 288

nm as validated and described in Chapter IV.

5.3.4 Jugular Vein Cannulation Surgery

Cannulas were prepared by immersing a 2 cm segment of Silastic® tubing in halothane
for about 30 seconds to expand the tubing. A 25 cm length of single lumen PE 50 tubing was
then inserted into the internal diameter of the Silastic® tubing. A 10 cm black silk surgical
suture was tied at the conjunction of the two tubings and fixed in place with super glue.

Each rat (average body weight = 0.25 kg) was anaesthetized using halothane, secured
to the bench in dorsal recumbency with adhesive medical tape, and positioned as straight as

possible with the forelimbs at 90° angles to the spine; administration of the anesthetic plus
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oxygen continued throughout the surgical procedure using an anesthetic vaporizer and a
regulator. The front limbs were fully extended which caused the anterior border of the
pectoral muscle to restrict venous return in the jugular vein, facilitated visualization, and
produced jugular vein distention. To ensure that surgical plane of anesthesia was maintained
rats were constantly monitored by toe pinch (pedal) reflex, respiratory rate, and color of
mucous membranes. The inferred area of the jugular vein was shaved clean to the skin and
sanitized thoroughly with sterile alcohol pads. A small incision was made in the skin above
the vein with operating scissors. The subcutaneous fat was teased open using two
microdissecting forceps to expose the jugular vein. Two segments of silk surgical suture were
pulled underneath the vein by #7 Dumont tweezers, one close to the cephalic region, and the
other one close to the cardiac region. The silk surgical suture close to the cephalic region was
advanced towards the head, tied off, fastened, and the two ends were taped against the bench
in order to minimize blood flow from the head. The silk surgical suture close to the cardiac
region was pulled towards the abdomen and anchored using a hemostat to ensure patency of
the vein; a small nick in the jugular vein was carefully made using a pair of long vannas
scissors (8 cm) and two ends of a pair of Dumont tweezers were inserted into the vein through
the nick. Another pair of #7 Dumont tweezers was used to hold the cannula; the Silastic®
tubing end of the cannula was then inserted into the vein through the opening of the two ends
of the inserted tweezers and was advanced gently into the vein towards the heart; once the
cannula reached the trunk of the vein a small drop of blood usually appeared in the hub of the
cannula. Saline solution was used to keep the incision moist during the insertion. After the
insertion of the cannula, the jugular blood flow was evaluated using saline solution to verify it

was properly positioned in the vein. Once the cannula was positioned, the silk surgical suture
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held by the hemostat was used to tie up the cannula to the jugular vein. Excess silk surgical
suture was cut from both segments. Next, a small incision was made in the dorsal epidermis
of the rat; an 18-gauge needle was advanced under the skin and out of the incision area on the
anterior scapula of the animal. The PE 50 end of the cannula was externalized through the
internal diameter of the needle and out from the dorsal skin. Small sections of modified PE
190 and PE 90 were used to anchor the cannula to the dorsal skin using super glue to hold
them in place. The cannula was then shortened (~20 cm); flexible plastic tubing was attached
to the external end of the cannula with super glue and blocked by a 23-gauge needle with
saline to prevent bleeding (Fig. 5.1). The incision area was then closed using clear surgical
sutures and the rat was placed in the metabolic cage to recover overnight. Rats were given

free access to water; but food was removed during recovery.

PE 30
23G needle 12em (20 em)
— i
‘L$ o -
Plastic tubing PE190 PE 90 Silastic® tubing
. (1.5 cm) (0.5 cm) (0.5 cm) (2 em)
Syringe Heart

Figure 5.1. Scheme of a cannula. The Silastic® tubing is inserted through the jugular vein into
the heart. The cannula is fixed to the dorsal skin of the rat with PE 190 (external anchor) and
PE 90 (internal anchor) segments. The plastic tubing in the external end protects the cannula
from rupture caused by the needle used to close it.

5.3.5 Pharmacokinetic Experimental Design

Twelve (12) male Sprague-Dawley rats (average weight: 300 g) were cannulated as
described in Section 5.3.4. Each animal was placed in separate metabolic cages, allowed to

recover overnight, and fasted for 12 hours before dosing. On the first day of the experiment,
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the animal was dosed intravenously with racemic homoeriodicytol (10 mg/kg), racemic
isosakuranetin (10 mg/kg) or racemic taxifolin (40 mg/kg) dissolved in PEG 600 and 2%
DMSO.

Serial blood samples (0.50 ml) were collected in 2 ml eppendorf tubes after
homoeriodicytol, isosakuranetin, and taxifolin administration at 0, 1, and 30 minutes, and 1, 2,
4,6, 24, 48, 72, and 96 hours. Whole blood samples were centrifuged to obtain serum (0.1 ml
duplicates) at each time point and serum was stored at —20°C. After each sample collection,
the cannula was flushed with 0.50 ml of saline solution.

Similarly, urine samples were collected in 15 ml conical tubes after homoeriodicytol,
1sosakuranetin, and taxifolin administration at 0, 2, 4, 6, 12, 24, 48, 72, and 96 hours. 0.1 ml
duplicate samples of urine were collected in 2 ml eppendorf tubes and stored at —20°C.

Serum and urine samples (0.1 ml) were prepared as described in Chapters II — IV.
Subsequently, one sample from each of the duplicates at all time points for serum and urine
was treated with or without 40.0 ul of 500 U/ml B-glucuronidase from E. coli Type IX-A. The
serum and urine duplicates treated with [-glucuronidase were then incubated at 37°C for 2
hours to liberate glucuronide conjugates [149]. These samples were evaporated under
compressed nitrogen gas using an analytical evaporator after the addition of the respective
internal standard: indoprofen for homoeriodicytol samples, 7-ethoxycoumarin for
isosakuranetin samples, and 2-thiobarbituric acid for taxifolin samples. The residue was
reconstituted with 200.0 ul of the corresponding mobile phase, vortexed for 30 seconds and
centrifuged at 5,000 rpm for 5 minutes. The supernatant was transferred to HPLC vials and

150.0 ul of sample was injected into the respective HPLC system.
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5.3.6 Data Analysis

Pharmacokinetic analysis was performed using data from individual rats for which the
mean and standard error of the mean (S.E.M.) were calculated for each group. The
elimination rate constant (kg) was estimated by linear regression of the serum concentrations
in the log-linear terminal phase. In order to estimate the serum concentrations (Cop)
immediately after racemic homoeriodicytol, isosakuranetin, and taxifolin IV dosing, a two-
compartmental model was fitted to the serum concentration versus time data using
WinNonlin® software (Version 5.2). The estimated C, was then used with the actual measured
serum concentrations to determine the area under the serum concentration-time curve (AUC).
The AUCy.nr was calculated using the combined log-linear trapezoidal data from time of
dosing to the last measured concentration, plus the quotient of the last measured concentration
divided by the rate constant (Kg). Non-compartmental pharmacokinetic methods were used to
calculate mean residence time (MRT, by dividing AUMCy.ng by AUCo.np), total clearance
(CLr, by dividing dose by AUCy.inp) and volume of distribution (Vs by dividing CLt by Kg).
The half-lives (t¥2) for serum and urine were calculated using the following equation: tY2 =

0.963/Kg. Data were expressed as the mean + S.E.M. of replicate determinations.

5.4 RESULTS AND DISCUSSION

Linearity in the standard curves was demonstrated in serum and urine samples from
homoeriodictyol, isosakuranetin, and taxifolin over the concentration range studied. In
addition, chromatographs were free of interference from endogenous components. Samples
incubated with B-glucuronidase from Escherichia coli type IX-A demonstrated the presence
of at least one glucuronidated metabolite based on the increase in the concentrations of

homoeriodictyol, isosakuranetin and taxifolin in the aglycone form following enzymatic
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hydrolysis. This was assessed using the validated HPLC methods described in Chapter II
through IV.

Serum was analyzed because the concentrations in the blood compartment of
homoeriodictyol, isosakuranetin, and taxifolin are reflective of the concentrations at the sites
where these compounds may show pharmacological activity. The non-invasiveness of blood
sampling compared to sampling at the effect site makes it a preferred method of
pharmacokinetic analysis. Urine was also analyzed since it can be easily collected and can
provide important pharmacokinetic information such as rate of elimination constant (kg), half-

life (t¥2), and fraction excreted unchanged in urine (fz).

5.4.1 Homoeriodictyol Serum Disposition

The HPLC method described in Chapter II has been applied to the determination of
homoeriodicytol enantiomers in pharmacokinetic studies in rats (n = 4). Homoeriodictyol has
previously been demonstrated to be detectable in serum after administration to animals [32];
however, no stereospecific analysis data has previously been reported.

Following administration of homoeriodicytol intravenously (10 mg/kg), the serum
disposition was examined (Fig. 5.2). Homoeriodictyol enantiomers were detected in serum
primarily as glucuro-conjugates, and the R(+)-homoeriodicytol conjugated and non-
conjugated forms were predominant in serum at all time points examined. The serum
concentration vs. time profile observed for the non-conjugated forms of homoeriodicytol
enantiomers demonstrated stereoselective disposition since R(+)-homoeriodicytol was found
in slightly higher concentrations than S(-)-homoeriodicytol. The serum concentration-time

profiles for the two enantiomers of homoeriodicytol were characterized by a rapid decline in



80

concentrations, representing a distribution phase within the first 30 minutes followed by an
increase at 1 hour and a rapid elimination phase up to 4 hours. Even though serum samples
were collected and analyzed up to 120 hours, detection in serum was possible only up to 4
hours post-dose.

The serum concentration-time profiles of both homoeriodicytol enantiomers follow a
biexponential pattern which suggests that the compounds follow a multi-compartment model.
A two-compartment open model presents a serum concentration-time curve with two distinct
phases: a distribution phase and an elimination phase. The distribution phase represents an
initial, more rapid decline of drug from the central compartment into the tissue compartment.
Conversely, the elimination phase represents the decline in parallel of serum and tissue
concentrations [150]. In addition, a visible secondary peak in the serum drug-concentration
time curve suggests the possibility of enterohepatic recirculation as has been demonstrated for
other xenobiotics such as morphine, indomethacin, etc [150].

After systemic administration a drug or its metabolite may be secreted into bile and
excreted into the duodenum. Subsequently, the drug/metabolite may be excreted in the feces
or the drug may be enterically reabsorbed in the ileum and become systematically available
[150]. When reabsorbed, the drug is said to enter enterohepatic recirculation. Hydrolysis in
the intestine may convert the drug excreted as a metabolite, i.e. glucuronide conjugates, back
into the parent drug in the gastrointestinal tract by the action of B-glucuronidases which are
naturally present in intestinal bacteria such as E. coli. As a consequence, the parent drug
becomes available for reabsorption and this futile cycle is referred to as entero-hepatic
circulation. Drugs with molecular weights of 300 — 500 g /mol, like homoeriodicytol (MW

302.27 g/mol), can be excreted both in urine and bile. These drugs because of there free
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hydroxyl moieties are often conjugated by phase II metabolism and subsequently excreted as
glucuronide metabolites which increase their polarity and molecular weight by nearly 200 g
/mol. Biliary excreted-drug is then reabsorbed systematically from the gastrointestinal (GI)
tract producing a secondary peak in the serum concentration versus time profile.

Metabolites may have pharmacological and/or adverse activities; therefore, it is
important to study metabolite disposition. The glucuronidated metabolites of homoeriodicytol
exhibit serum concentration-time profiles that suggest stereospecific differences since R(+)-
homoeriodicytol demonstrates higher concentrations than S(-)-homoeriodicytol. Similar to the
parent compounds, the glucuronidated metabolites also appear to experience entero-hepatic

recirculation due to a peak in the serum concentration-time profile at 1 hour (Fig. 5.2).
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Figure 5.2. Disposition in serum of R(+)- and S(-)-homoeriodicytol and the corresponding
glucuro-conjugates following administration of (+/-)-homoeriodicytol (10 mg/kg) to rats (n =
4, mean + S.E.M.).
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5.4.2 Homoeriodictyol Urinary Excretion

The HPLC method described in Chapter II was also applied to the stereospecific
determination of homoeriodicytol in the urinary excretion study in rats (n = 4). Following IV
administration of racemic homoeriodicytol (10 mg/kg), the R(+)- and S(-)- enantiomeric
forms were detected in urine primarily as glucuro-conjugates, and R(+)-homoeriodicytol
(conjugated and non-conjugated) was predominant in urine as it was in serum (Fig 5.3). The
total amount excreted in urine over time profiles for R(+)- and S(-)-homoeriodicytol suggest
stereospecific differences and were characterized by a rapid increase in concentrations. R(+)-
homoeriodicytol was detected at significantly higher concentrations than S(-)-
homoeriodicytol.

The cumulative total amount excreted in urine versus time plot demonstrated the
predominance of homoeriodicytol glucuronides for both enantiomeric forms over the non-
conjugated forms suggesting extensive phase Il metabolism. During metabolism, lipophilic
compounds may be converted into more readily excreted polar metabolites. During phase |
metabolism, polar metabolites are formed by oxidation, reduction, hydrolysis, cyclization, and
decyclization. Usually phase II metabolism follows phase I metabolism and is characterized
by conjugation reactions that result in products of higher molecular weight that are more
easily excreted from the body.

R(+)-homoeriodicytol ~ glucuronide has higher concentrations that S(-)-
homoeriodicytol glucuronide in urine at all point times examined. This suggests that the
homoeriodicytol glucuronidated metabolites in urine demonstrate stereoselective excretion

similar to the non-conjugated forms.
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Figure 5.3. Total amount excreted in urine of R(+)- and S(-)-homoeriodicytol and its glucuro-

conjugates following administration of (+/-)-homoeriodicytol (10 mg/kg) to rats (n = 4, mean
+S.EM.).

The rate of urinary excretion-time plot was also obtained from urine, and R(+)-
homoeriodicytol in the conjugated and non-conjugated forms were predominant as previously
demonstrated in the serum concentration-time plot and the total amount excreted in urine-time
plot (Fig. 5.4). The rate of urinary excretion-time plot demonstrated stereospecific differences
between R(+)-homoeriodicytol and S(-)-homoeriodicytol since R(+)-homoeriodicytol
exhibited a higher rate of excretion. The rate of urinary excretion-time profiles of R(+)- and
S(-)-homoeriodicytol were characterized by an increase in the rate of excretion at 4 hours
followed by a rapid decline up to 108 hours.

The glucuronidated metabolites of homoeriodicytol exhibit a rate of urinary excretion-
time profile that suggest stereoselective excretion similar to the non-conjugated forms since
R(+)-homoeriodicytol glucuronide exhibits higher concentrations than S(-)-homoeriodicytol

glucuronide at all time points. Despite the differences in solubility and lipophilicity of
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homoeriodicytol enantiomers and their glucuronidated metabolites, it can be observed that
both of these compounds have similar rates of excretion (Fig. 5.4). This similarity indicates
that homoeriodicytol enantiomers and the respective glucuronides undergo similar apparent

elimination (parallel lines) and suggest that the metabolites are formation-rate limited.

—&—— R(+)-Homoeriodictyol
R S(-)-Homoericdictyol
R(+)-Homoeriodictyol Glucoronide
S(-)-Homoericdictyol Glucoronide
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i

Rate of Urinary Excretion (ug/h)

-
|
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Figure 5.4. Rate of urinary excretion plot of R(+)-homoeriodicytol, S(-)-homoeriodicytol and
their respective glucuronides after i.v. administration of (+/-)-homoeriodicytol (10 mg/kg) to
rats (n =4, mean + S.E.M.)

5.4.3 Homoeriodictyol Pharmacokinetics

After serum and urine were analyzed using the validated HPLC method for
homoeriodicytol described in Chapter II, the pharmacokinetic parameters were determined
using a pharmacokinetic software (WinNonlin software Version 5.2). The area under the
curve (AUCy.ing), volume of distribution (Vss), total clearance (CLrt), serum half-life (tV2),

and rate of elimination constant (kg) were obtained from serum, whereas, the urine half-life
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(tV2), rate of elimination constant (kg) and fraction excreted unchanged in urine (f.) were
obtained from urine. Differences were observed for the t%2 values obtained from serum and
urine; therefore, discrepancies in the kg values (kg = 0.693/tY2) were also observed. This
discrepancy in half-life values for serum and urine suggest that half-life is likely significantly
underestimated in serum and this may be related to assay sensitivity limits of homoeriodicytol
in serum and thus poor approximation of the true terminal half-life in serum. Previous studies
have demonstrated underestimation of plasma half-life due to assay sensitivity limits of
procainamide [151]. Furthermore, homoeriodicytol was measured up to only 4 hours in
serum; whereas, in urine it was measured up to 120 hours. Thus, it is evident that urine is a far
better biological fluid to utilize in the determination of homoeriodicytol pharmacokinetic
parameters because of the limit of assay sensitivity in serum of our HPLC method. Similar
findings have been reported for other flavonoids and stilbenes including naringenin [152],

pterostilbene [153] and sakuranetin [154].

Therefore, the pharmacokinetic parameters of homoeriodicytol enantiomers
determined by employing the kg from urine were calculated (Table 5.1). Non-compartmental
analysis demonstrated differences in some pharmacokinetic parameters between R(+)-
homoeriodicytol and S(-)-homoeriodicytol. Compared to the values obtained using the kg
from urine, the use of serum kg in calculating pharmacokinetic parameters produces a
significant underestimation of AUCy.nr, and half-life; whereas, clearance, extraction ratio,
and kg were overestimated. For that reason, the pharmacokinetic parameters obtained using kg
from urine are suggested to be more reliable for homoeriodicytol than the serum values. Thus,
R(+)-homoeriodicytol and S(-)-homoeriodicytol have long half-lives (t¥2 = 0.693/kg, 42.25 +

6.57 h, and 47.62 + 6.14 h, respectively) which represent the time they remain in the body.
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The average blood volume and total body water volume of a 0.25 kg rat are 13.5 ml
and 167 ml, respectively. This translates into a blood volume of 0.054 L/kg and a total water
volume of 0.668 L/kg. These values are important in the interpretation of volume of
distribution (Vss = CLy1/kg). The extent of distribution of xenobiotics is determined by the
partitioning across various membranes, and the binding to tissue and blood components.
Physiological volumes of different compartments relative to the body weight (BW) are
important in the understanding of the extent of distribution. If a xenobiotic has a Vgg close to
4% BW, it is said to remain in the vascular tissue, if the Vg is close to 13% BW, it is said to
be in the extracellular compartment, and if the Vgg is close to 41%, then it has reached the
intracellular compartment. Thus, higher values of Vgs would represent greater penetration into
tissues.

Table 5.1. Stereospecific pharmacokinetics of homoeriodicytol after IV administration in rats

(10 mg/kg). kg and t¥2 values from urine are included for comparison (n = 4, mean = S.E.M.).
a, P <0.05, R(+) vs. S(-).

Pharmaceutical Thnits Ri+}>Homoeriodictyol S(-)-Homoeriodictyol
Parameter

kgurine L+ 1.64E-02 £ 2 34E-03 146E-02 £ 1.34E-03
(kg serum) (h'lj (6 23E-02+£ 007 (6. 52E02 £0.01)
AT wr pgxhiml 8189 £10011 114083+ 11712
feu o 6.30E-03 £ 6 3E-04 531+£045

b e o B o N 0794 611"
L Lihikg 531E-03 £ 1.93E-04* 438E-03x612E-04
CLg Lihikg 3.34E-07 £ 5. 00E-08 232E-04 £ 3 21E-05°
Ly Lihikg 531E-05 £ 1.38E-04* 4 15E-03+146E-04
WVag Likg 032 +0.03 030 £0.04

thz unne h 42 25 £6.57 A7 62+6. 14

{t% serum) {(h) (L2 & 1057 (10,63 4+ 1.45)
EE. - 2.97E-02 £4 40E-03 232E-02+£340E-03
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The Vgg values reported for R(+)-homoeriodicytol and S(-)-homoeriodicytol are 0.32
+ 0.03 L/kg and 0.30 £ 0.04, respectively. These values are 5.9-fold and 5.5-fold higher than
the blood volume (0.054 L/kg) and lower than the total water volume (0.668 L/kg),
representing 47% and 45% of the total water volume, respectively. This findings suggest that
R(+)- and S(-)-homoeriodicytol exit the vascular circulation and are extensively distributed
into tissues. This preferential distribution into tissues may be due to the relative lipophilicity

of homoeriodicytol (XLogP = 1.1).

The area under the curve, (AUCyng = (Co/kg)/(Cis/kg), where CO: initial
concentration, Clast: concentration at last time point) which represents the overall amount of
drug in the blood compartment, is higher for S(-)-homoeriodicytol compared to R(+)-
homoeridictyol (941.89 + 100.11 pugxh/ml and 1140.83 + 117.12 pgxh/ml, respectively).
Conversely, the total clearance (CLt = Dose/AUC.nr) was higher for R(+)-homoeriodicytol
(CLt=5.31E-03 £+ 1.93E-04 L/h/kg) compared to S(-)-homoeriodicytol (4.38E-03 + 6.12E-04

L/h/kg).

The fraction excreted unchanged in urine (f..,) represents the percentage of R(+)- or
S(-)-homoeriodicytol excreted in urine in the non-conjugated form. The fraction of glucuro-
conjugate excreted in urine (f.o) represents the percentage of glucuronidated metabolites
excreted in urine. S(-)-homoeriodicytol and its glucuronidated form are excreted more readily
in urine (5.31% + 0.45, and 0.79% = 0.11, respectively) than R(+)-homoeriodicytol and its
glucuro-conjugate. Nevertheless, the renal clearance (CLg = CLt X f.) is lower than the
hepatic clearance (CLy = CLy— CLg, assuming that non-renal = hepatic) for both R(+)- and

S(-)-homoeridictyol.
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The glomerular filtration rate (GFR) of a 0.25 kg rat was reported to be 0.31 L/h/kg
[155]. The GFR is an important facet in renal clearance. The fraction unbound in plasma (f.,
= Cunbound/Crota) TEepresents the percentage of xenobiotics in the blood that are not bound to
plasma proteins. When renal clearance (CLg) is equal to GFR x f,,, CLg occurs mainly by
filtration. If CLg is greater than GFR x f,,,, tubular secretion is mostly responsible for
clearance by the kidneys. Finally if CLk is lower than GFR x f.,, tubular reabsorption is said
to occur [150]. If f,, values were available for any homoeriodicytol, isosakuranetin or
taxifolin stereoisomers, more information about the pathway of CLr may be obtainable

[156,157].

Davies and Morris reported the mean hepatic blood flow (Q) for 0.25 kg rats to be
3.31 L/h/kg and an hematocrit (Hc) of 0.46 [155] which yields a mean hepatic plasma flow of
1.79 L/h/kg (Plasma flow = Q x (1 — Hc) [158]). This value is important in order to
understand hepatic clearance. The extraction ratio (ER = CLy/Qpg) is a rough estimation of
liver extraction and can be low (0 — 0.3), intermediate (0.3 — 0.7), or high (0.7 — 1.0). Hepatic
clearance (CLy) for R(+)-homoeriodicytol and S(-)-homoeriodicytol correspond to 5.31E-03
+ 1.38E-04 L/h/kg and 4.15E-03 + 1.46E-04 L/h/kg, respectively (Table 5.1) each
representing 0.2% of the hepatic plasma flow (1.79 L/h/kg). The ER for both R(+)- and S(-)-
homoeridictyol are <0.3. Therefore, these findings suggest that R(+)-homoeriodicytol and

S(-)-homoeriodicytol are low hepatic extraction compounds.

Previous studies have reported homoeriodicytol mainly as a metabolite of other
flavonoids administered to rats. Booth et. al. reported the formation of homoeriodicytol as a
metabolite after administration of eriodictyol through a stomach tube [31]. After

administration of 300 mg/rat of eriodictyol, m-hydroxyphenylpropionic acid (m-HPPA), m-
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coumaric acid, eriodictyol glucuronide and homoeriodicytol were detected in urine. It was
suggested that methylation of the 3’-hydroxyl group in eriodictyol resulted in the formation of
homoeriodicytol by the rat liver. Then, homoeriodicytol (150 mg/rat) was also administered
through a stomach tube, and m-HPPA, homoeriodicytol glucuronide, homoeriodicytol, m-
coumaric acid and hydroferulic acid were detected in urine [31]. These findings confirmed
that homoeriodicytol is absorbed from the intestinal tract and that cleavage of ring C in the
flavonoid structure was responsible for the formation of m-HPPA after administration of

homoeriodicytol and eriodictyol.

Homoeriodictyol was also reported as a metabolite after the administration of
eriocitrin to rats [30]. Eriocitrin (75 pmol/kg) was administered through gastric intubation;
and eriodictyol, homoeriodicytol and hesperetin in their conjugated forms were detected in
plasma up to 4 hours. Detection of the non-conjugated forms was not possible in plasma. In
contrast, the non-conjugated and conjugated forms of eriodictyol, homoeriodicytol and
hesperetin were detected in urine after the administration of eriocitrin (50 umol/kg) up to 24
hours [30]. These findings support the results presented in this thesis that urine is a better
matrix for pharmacokinetic studies of homoeriodicytol. It was suggested that eriocitrin is
transformed by the liver into eriodictyol, which in turn is converted into homoeriodicytol by

methylation of its 3’-hydroxyl group.

Matsumoto ef. al. also reported homoeriodicytol as a metabolite after the
administration of hesperidin to rats [29]. After oral administration of hesperidin (100 mg/kg)
mainly glucuronides of hesperetin were detected (hesperetin-7-O-B-glucuronide and
hesperetin-3’-O-B-glucuronide), but homoeriodicytol conjugates were also found in plasma up

to 24 hours. Homoeriodictyol conjugates were mainly in the glucuronidated form; even
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though homoeriodicytol-sulfates were also found. Homoeriodictyol in the conjugated form
reached a peak at 6 hours in plasma after oral administration of hesperidin. This discrepancy
in the time at which a peak concentration is attained in plasma (6 h vs. 1h) may be due to the
fact that hesperidin undergoes deglycosilation, demethylation, remethylation, and
glucuronidation in the liver to form homoeriodicytol conjugates. Hesperidin is demethylated

into eriodictyol which in turn is methylated to form homoeriodicytol.

Previous studies of the pharmacokinetics of homoeriodicytol in rats have not
considered the stereochemistry of this compound. Homoeriodictyol has been reported to
distribute mainly to the kidneys (10.93 + 2.92 pg/g) and liver (1.98 + ug/g) in rats [32]
immediately after (0.083 h) the administration of homoeriodicytol (13.2 mg/kg) to rats. After
1h, however, homoeriodicytol was preferentially distributed in kidney and stomach (1.03 +
0.87 pg/ml, and 0.42 + 0.20 pg/g, respectively). These findings support the assertion of
enterohepatic recycling proposed for homoeriodicytol. Hydrolysis may convert the
homoeriodicytol glucuronide back into the parent compound in the GI tract by the action of -
glucuronidases in intestinal bacteria [150]. Zhao et. al. also reported better recovery (92.8%)
from urine compared to tissues [18,32] and plasma [18] which support the findings in this

thesis that propose urine as the most appropriate matrices for quantitative analysis.

The amount of administered dose of drug that is converted into metabolites can be
calculated if the metabolite clearance (CLjy) is known. In order to estimate CLy;, the
administration of the metabolite orally is necessary. Homoeriodictyol-7-O-B-D-
glucopyranoside (HEDT-Glu), a metabolite of homoeriodicytol, was administered to rats
(13.2 mg/kg) and was reported to distribute to the liver and the small intestine [18]. The

chemical structure of glucopyranoside and glucuronide conjugates of homoeriodicytol differ
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only in the substitution attached to C-2° (-CH,OH and —COOH, respectively). After 1.V.
administration of HEDT-Glu (13.2 mg/kg) a biexponential pattern was observed [18], similar
to what was reported for homoeriodicytol. The half-life was reported to be 1.27 £+ 0.31 hours,
the AUC was 16.04 £ 3.19 pgxh/ml, and the CLt was 0.85 + 0.17 L/h/kg. From this it can be
derived that the amount of metabolite formed following a 13.2 mg/kg L.V. dose of
homoeriodicytol [32] (CLy x AUCy) is 13.63 mg/kg (uncorrected for molecular weight
differences [159]). This indicates that HEDT-Glu is a major route of elimination of
homoeriodicytol. Compared to homoeridictyol (MW = 302.27 g/mol, XLogP = 1.1), HEDT-
Glu is a larger molecule (MW = 596.53 g/mol), which is more hydrophilic (XLogP = - 0.7);
therefore, differences in pharmacokinetic disposition are expected. Similar studies with the
glucuro-conjugates of homoeriodicytol may allow the estimation of homoeriodicytol
eliminated in this form.

In summary, the pharmacokinetics of homoeriodicytol reveals distribution,
metabolism, and elimination that are dependent on the stereochemistry of the enantiomers.
Both R(+)- and S(-)-homoeriodicytol have long half-lives, they distribute from the central
compartment and penetrate into tissues. R(+)-homoeriodicytol and S(-)-homoeriodicytol are
metabolized in the liver into glucuro-conjugates and are mainly cleared by non-renal routes.
S(-)-homoeriodicytol excretion in the urine is stereospecific and higher than the R(+)-

homoeriodicytol enantiomer.

5.4.4 Isosakuranetin Serum Disposition

The HPLC method described in Chapter III was applied to the study of isosakuranetin

disposition in Sprague-Dawley rats (n = 4). Isosakuranetin has been previously detected in rat
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serum after administration of naringin [65], but its stereospecific disposition has not been
previously studied.

Following the IV administration of racemic isosakuranetin (10 mg/kg), serum
disposition of 2S- and 2R-isosakuranetin was examined (Fig. 5.5). Isosakuranetin enantiomers
were detectable in serum primarily as glucuroconjugates and 2S-isosakuranetin concentrations
in the conjugated and non-conjugated forms were slightly higher in serum when compared to
the 2R-enantiomer. The serum concentration vs. time profile observed for isosakuranetin does
not demonstrate stereoselective disposition. Even though there are differences between the
concentrations of 2S- and 2R-isosakuranetin in serum, the differences are not significant. The
serum concentration-time profiles for both enantiomers of isosakuranetin show a steep decline
in concentrations, representing a rapid distribution phase within the first half an hour post-
dose.

The glucuronidated metabolites of isosakuranetin exhibit similar serum concentration-
time profiles, which indicate lack of stereoselectivity. The serum concentration-time profiles
of the glucuro-conjugates were characterized by a rapid decline in concentration within the
first 30 minutes, representing a distribution phase, followed by an elimination phase up to 2
hours. Similar to the observation with homoeriodicytol, detection of isosakuranetin was
possible only up to 0.5 hours for aglycones and 2 hours for glucuro-conjugates even though
serum was collected and analyzed up to 120 hours. 2S-Isosakuranetin glucuronide showed
slightly higher concentrations than the glucuronidated metabolite of the 2R-enantiomer
although not statistically significant. The serum concentration-time profile of the glucuro-
conjugates of isosakuranetin enantiomers follows a biexponential pattern which is not seen in

the non-conjugated isosakuranetin profiles possibly due to the limit of assay sensitivity in
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serum at low concentrations. Therefore, the analysis of the glucuro-conjugated metabolites

was important to demonstrate that isosakuranetin follows a multicompartment model.

——&—— 2S-Isosakuranetin
? cooge 2R-Isosakuranetin
= —— - —— 2S-Isosakuranetin Glucoronide
= — = 2R-Isosakuranetin Glucoronide
._g
O
c
o
%
=
©
0]
o]
n
[§]
L 7]
]
O
8] B & T o e i i -
= i <<
T T T 1
0.0 05 1.0 15 20
Time (h)

Figure 5.5. Disposition in serum of 2S- and 2R-isosakuranetin and the corresponding
glucuro-conjugates following administration of (+/-)-isosakuranetin (10 mg/kg) to rats (n = 4,
mean + S.E.M.).

5.4.5 Isosakuranetin Urinary Excretion

The HPLC method was applied to the stereospecific determination of isosakuranetin in
the urinary excretion study in rats (n = 4). Isosakuranetin enantiomers were detected in urine
primarily as glucuro-conjugates following IV administration of racemic isosakuranetin (10
mg/kg). The cumulative total amount excreted in urine versus time plot demonstrated the
predominance of isosakuranetin glucuronides for both enantiomeric forms over the aglycone
form (Fig. 5.6) and 2S-isosakuranetin had higher concentrations in the conjugated and non-
conjugated forms compared to 2R-isosakuranetin. The total amount excreted in urine-time
profiles for 2S- and 2R-isosakuranetin suggest stereospecific differences and demonstrated a
rapid increase in concentrations in urine over time. 2S-isosakuranetin showed slightly higher

concentrations in urine compared to the 2R-enantiomer.
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Figure 5.6. Total amount excreted in urine of 2S- and 2R-isosakuranetin and its glucuro-
conjugates following administration of (+/-)-isosakuranetin (10 mg/kg) to rats (n = 4, mean +
S.E.M.).

In addition, the cumulative urinary excretion-time plot demonstrated the
predominance of isosakuranetin glucuronides for the two enantiomeric forms, 2S and 2R,
which indicates extensive phase II metabolism.  2S-isosakuranetin glucuronide was
predominant in urine at all point times examined compared to 2R-isosakuranetin glucuronide
suggesting that isosakuranetin glucuronides in urine are stereoselectively excreted.
Conversely, differences in the rate of excretion in urine of the conjugated forms showed
enantiospecific differences at 72 h and 96 h, but not earlier.

The rate of urinary excretion rate vs. time plot of the 2S and 2R enantiomers of
isosakuranetin was also obtained from urine (Fig. 5.7). The rate of urinary excretion-time

plots demonstrated stereospecific differences between 2S- and 2R-isosakuranetin after 36 h
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that were not significantly significant. Likewise, in the case of the glucuro-conjugates,
differences were not significant. However, the glucuronidated forms of 2S-isosakuranetin
and 2R-isosakuranetin showed higher rate of excretion compared to the non-conjugated

counterparts.
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Figure 5.7. Rate of urinary excretion plot of 2R-isosakuranetin, 2S-isosakuranetin and their
respective glucuronides after i.v. administration of (+/-)-isosakuranetin (10 mg/kg) to rats (n =
4, mean + S.E.M.)

5.4.6 Isosakuranetin Pharmacokinetics

After serum and urine were analyzed, the pharmacokinetic parameters were
determined. The AUCo.nr, Vss, CLt, tY2, and kg were obtained from serum, and tY2, kg, and f,
were attained from urine. Similar to what was described for homoeriodicytol; differences
were observed for the t¥2 of serum and urine, as well as for kg values (0.693/t%2). This might

be due to assay sensitivity limits in serum as in the case of homoeriodicytol and other
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flavonoids. In addition, isosakuranetin is detectable in serum up to 2 hours; while in urine,
detection of isosakuranetin is possible up to 96 hours. These findings suggest that urine might
be a better biological matrix for determining isosakuranetin pharmacokinetics.

Consequently, the pharmacokinetic parameters of isosakuranetin were calculated using
the kg from urine and are presented in Table 5.2. The non-compartmental analysis of 2S-
isosakuranetin and 2R-isosakuranetin showed differences in some pharmacokinetic
parameters. Compared to the pharmacokinetic parameters obtained from using the true kg
from urine, the use of serum in the estimation of pharmacokinetic parameters results in a
considerable underestimation of AUCy. vk, Vss, and tV2. Alternatively, clearance and ER were
overestimated in serum.

Therefore, the pharmacokinetic parameters obtained from urine are believed to be
more reliable than the serum values. Accordingly, 2S-isosakuranetin and 2R-isosakuranetin
have long half-lives (43.29 + 6.01 h and 29.07 £+ 4.02 h, respectively) and high Vgss (Table
5.2). The Vgs of 2S-isosakuranetin (1.23 + 0.17 L/kg) and 2R-isosakuranetin (1.27 + 0.18
L/kg) are much higher than the total blood volume (0.054 L/kg) and total water volume (0.668
L/kg) [155], corresponding to 184% and 190% of the total water volume. This indicates that
2S and 2R-isosakuranetin exit the central compartment and are widely distributed into tissues.
Like homoeriodicytol, isosakuranetin is also highly lipophilic (XLogP = 2.3) which might
explain the preferential distribution into tissues and greater Vss compared to homoeriodicytol.

The AUC.ing was higher for 2S-isosakuranetin (253.06 £+ 37.15 pg x h/ml) compared
to 2R-isosakuranetin (165.71 + 23.12 ug x h/ml); whereas CLt was stereoselective form 2R-
isosakuranetin. The f., values for 2S-isosakuranetin (8.81% + 1.24) and 2R-isosakuranetin

(6.75% % 0.19) demonstrate that isosakuranetin in the 2S-configuration is more readily
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excreted in urine than 2R-isosakuranetin. Conversely, isosakuranetin glucuro-conjugates are
more readily eliminated in the 2R-configuration. The CLy of 2R-isosakuranetin is higher than
2S-isosakuranetin  (2.04E-03 + 3.00E-04 L/h/kg and 1.74E-03 + 2.16E-04 L/h/kg,
respectively). Nevertheless, the CLy of both 2S- and 2R-isosakuranetin are higher than the

CLg, suggesting that the two enantiomers are excreted mainly via non-renal routes.

Table 5.2. Stereospecific pharmacokinetics of isosakuranetin after [V administration in rats.
The t%2 and kg from serum are presented for comparison (10 mg/kg) (n =4, mean £ S.E.M.)

Pharmaceutical TUnits 25 Isosalmranetin 2E-Isosakuranetin
Parameter

kg urine ht 1.60E-02 £ 2 40E-03 2. 35E-02 £ 3 42E-(3*
(kg zerum) (h'lj (374 £045) 408+£034H
AT . wF 1 gxhiml 25206 L3715 16571£2312
feu %o B81+1.24 67510599

fos %o D26 4+004 0384+005

L Lihilkg 1.98E-02 £ 1 43E-03 30ZE-024 1 65E-03%
Ly Lihilg 1.74E-03 £+ 2 61E-04 204E-02 L2 00E-04
CLyu Lihikg 1.80E-02 £ 2 12E-03 281E-024 2 45E-03*
Wag Likg 123017 12701858

3% unne h 4329+601° 2907+402

{t¥% serutm) {h) (0.19 £0.01) 017003

EE - 1.01E-02 £ 1.23E-032 157E-024+ 2 12E-03*

2S-isosakuranetin and 2R-isosakuranetin are reported to have CLy values (1.80E-02 +
2.12E-03 L/h/kg and 2.81 + 2.45E-03 L/h/kg, respectively) that are lower than the hepatic
plasma flow in rats (1.79 L/h/kg). Similarly, the ER obtained from urine is low (<0.3). These
results suggest that 2S- and 2R-isosakuranetin are low hepatic extraction compounds.

In summary, though isosakuranetin enantiomers have long half-lives, 2S-
isosakuranetin remains in the body 1.5-fold longer than 2R-isosakuranetin. 2S-isosakuranetin

and 2R-isosakuranetin exit the central compartment and penetrate deep into tissues. The
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enantiomers of isosakuranetin are metabolized in the liver, where glucuro-conjugates are
formed, and are excreted mainly via non-renal routes. 2S-isosakuranetin is more readily
excreted in urine than the 2R-enantiomer.

Previous pharmacokinetic studies of isosakuranetin are limited and have not taken into
consideration the chiral nature of isosakuranetin. The effect of cancer on flavonoid
metabolism was studied in rats after the administration of naringin [65]. Naringenin
conjugates mainly as glucuronides, as well as non-conjugates of hesperetin and isosakuranetin
were detected in plasma, urine, liver and kidney. The concentration of naringenin in cancer-
bearing rats was demonstrated to be lower than in healthy rats; however, no effect was seen
for isosakuranetin or hesperetin in plasma concentrations. Isosakuranetin was described to
derive from the hydroxylation of the C-3’ in naringenin. Previous studies have described other
flavonoids with chemical structures similar to isosakuranetin to be metabolized primarily in

the liver [136].

5.4.7 Taxifolin Serum Disposition

The assay methodology described in Chapter IV was applied to the study of taxifolin
disposition in Sprague-Dawley rats (n = 4). Taxifolin has been previously detected in human
serum after the administration of pine bark extract in the racemic form, but the disposition of
the stereoisomers of taxifolin has not been previously reported [134].

Following IV administration of racemic taxifolin (40 mg/kg), the serum disposition of
taxifolin stereoisomers was examined (Fig. 5.8). Taxifolin stereoisomers were detected in

serum mostly as glucuronidated metabolites. The serum concentration vs. time profiles of
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(2S3R)-(+)-, (2S3S)-(-)-, (2R3R)-(+)-, and (2R3S)-(-)-taxifolin demonstrate stereoselective
disposition and were characterized by a rapid decline in concentrations up to half an hour.

The glucuro-conjugated forms of (2S3R)-(+)-, (2S3S)-(-)-, (2R3R)-(+)-taxifolin
showed a serum concentration-time profile with a biexponential pattern; a rapid decline in the
first half an hour after I.V. administration (distribution phase), followed by a rapid elimination
(elimination phase). On the other hand, a slight increase in concentration at 30 minutes was
observed for the (2R3S)-(-)-taxifolin glucuronidated metabolite which suggests the possibility

of enterohepatic recycling as observed previously for homoeriodicytol.

(2S53R)-(+)-Taxifclin

------ 7 (2835)-(-)-Taxifolin

—— - —— (2R3R)-(+)-Taxifalin

§\ — = — - (2R38)-(-)-Taxifolin
— —& —  (283R)-(+)-Taxifolin glucoronide
— —0— —  (2835)-(-)-Taxifolin glucorcnide

3

— —8— —  (2R3R)-(+)-Taxifolin glucoronide
——v—— (2R38)-(-)-Taxifolin glucoronide

Log. Conc. Taxifolin {(pug/ml)

0.0 0.2 0.4 06 0.8 1.0
Time (h)

Figure 5.8. Disposition in serum of (2S3R)-(+)-, (2S3S)-(-)-, (2R3R)-(+)-, and (2R3S)-(-)-
taxifolin and the corresponding glucuro-conjugates following administration of (4/-)-taxifolin
(40 mg/kg) to rats (n = 4, mean = S.E.M.)

Similar to what was observed for the isosakuranetin glucuronides, the taxifolin
glucuronides showed a serum drug concentration curve characteristic of a

multicompartamental model. This was not observed for the non-conjugated forms perhaps due

to low assay sensitivity in serum. Although serum samples were collected and analyzed up to
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120 hours, the stereoisomers of taxifolin were detectable only until 30 minutes post-dose in

the non-conjugated forms, and at 1 hour post-dose for the glucuro-conjugated metabolites.

5.4.8 Taxifolin Urinary Excretion

The HPLC method described in Chapter IV was also applied to the stereospecific
determination of taxifolin in the urinary excretion analysis in rats (n = 4). Taxifolin has been
previously detected in human urine after the administration of pycnogenol [133]; however, no
stereospecific analysis has been reported.

Following IV administration of racemic taxifolin (40 mg/kg), (2S3R)-(+)-, (2S3S)-(-)-,
(2R3R)-(+)-, and (2R3S)-(-)-stereoisomers were detected in urine. The cumulative total
amount excreted in urine versus time plots were characterized by a rapid increase in
concentrations (Fig. 5.9) and suggested stereospecific differences for the four stereoisomers
of taxifolin. (2S3R)-(+)-taxifolin was predominant over the other three stereoisomers in the
conjugated and non-conjugated forms. However, unlike what was observed for
homoeriodicytol and isosakuranetin, the non-conjugated form was predominant instead of the
glucuro-conjugate. The stability of glucuronidated conjugates of taxifolin remains to be
determined; some drugs have previously shown spontaneous hydrolysis of glucuro-conjugates,
i.e. naproxen [160].

The cumulative total amount excreted in urine-time plot demonstrated that the
glucuronides of the stereoisomers of taxifolin produced by phase II metabolism also exhibit
stereoselective excretion (Fig. 5.9). The (2S3R)-(+)-taxifolin glucuronide was predominant,

followed by the glucuro-conjugate metabolite of (2R3S)-(-)-taxifolin.
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Figure 5.9. Total amount excreted in urine of (2S3R)-(+)-, (2S3S)-(-)-, (2R3R)-(+)-, and
(2R3S)-(-)-taxifolin and its glucuro-conjugates following administration of (+/-)-taxifolin (40
mg/kg) to rats (n =4, mean + S.E.M.).

The rate of urinary excretion-time plot was also obtained from urine (Fig 5.10) and
(2S3R)-(+)-taxifolin was predominant in the conjugated and non-conjugated forms. The rate
of urinary excretion-time profile also demonstrated stereospecific differences between
(2S3R)-(+)-, (2S35)-(-)-, (2R3R)-(+)-, and (2R3S)-(-)-taxifolin since (2S3R)-(+)-taxifolin was
more readily excreted than (2R3S)-(-)-, (2R3R)-(+)-, and (2R3S)-(-)-taxifolin. However, no
significant differences were seen in the rate of excretion of (2S3S)-(-)-taxifolin and (2R3R)-
(+)-taxifolin.

The rate of urinary excretion-time profiles of the glucuro-conjugates also showed
stereospecific excretion. The (2S3R)-(+)-taxifolin glucuronide was more readily excreted than
(2S3S)-(-)-, (2R3R)-(+)-, and (2R3S)-(-)-taxifolin glucuronides. Significant differences,
however, were not seen among (2S3S)-(-)-taxifolin glucuronide, (2R3R)-(+)-taxifolin

glucuronide, and (2R3S)-(-)-taxifolin glucuronide.
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Figure 5.10. Rate of urinary excretion plot of (2S3R)-(+)-taxifolin, (2S3S)-(-)-taxifolin,
(2R3R)-(+)-taxifolin, (2R3S)-(-)-taxifolin and their respective glucuronides after LV.
administration of (+/-)-homoeriodicytol (40 mg/kg) to rats (n = 4, mean =+ S.E.M.)

5.4.9 Taxifolin Pharmacokinetics

After analyzing serum and urine using the validated HPLC method described in
Chapter 1V, the pharmacokinetic parameters were obtained. The AUCy.nr, Vss, CLrt, tV2 and
kg were obtained from serum; t¥2, kg and f. were obtained from urine. Similar to what was
reported for homoeriodicytol and isosakuranetin, when compared to the half-lives obtained
from serum, the half-lives for all four stereoisomers of taxifolin obtained from urine were
significantly higher.

The discrepancy in half-life values for serum and urine in taxifolin may suggest issues
with the lack of assay sensitivity in serum; therefore, urine may be a better biological fluid for

taxifolin pharmacokinetic studies. Therefore, the pharmacokinetic parameters of taxifolin
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stereoisomers were calculated using the kg from urine in the noncompartmental analysis
(Table 5.3). When comparing values for the pharmacokinetic parameters calculated using kg
from serum and the kg obtained from urine, the AUCy.nr, and t¥2 are underestimated; whilst
Vs, clearance, and ER were overestimated. This indicates that similar to what was reported
for homoeriodicytol, isosakuranetin, and other flavonoids the pharmacokinetic parameters
obtained from urine may be a better estimate for taxifolin that the serum values.

Thus, (2S3R)-(+)-taxifolin (30.91 £+ 4.29 h), (2S3R)-(-)-taxifolin (32.61 + 2.89 h),
(2R3R)-(+)-taxifolin (14.63 + 4.79 h), and (2R3S)-(-)-taxifolin (31.73 + 4.23 h) are reported
to have long half-lives. The Vgs of (2S3R)-(+)-taxifolin (0.11 £ 0.01 L/kg), (2S3R)-(-)-
taxifolin (1.76 + 0.25 L/kg), (2R3R)-(+)-taxifolin (1.68 + 0.24 L/kg), and (2R3S)-(-)-taxifolin
(0.09 £ 0.01 L/kg) are higher than the blood volume (0.054 L/kg). However, (2S3R)-(-)- and
(2R3S)-(+)-taxifolin have Vgg that are lower than the total water volume (0.668 L/kg), while
(2S3S)-(-)- and (2R3R)-(+)-taxifolin are higher. The Vgg of (2S3R)-(+)-, (2S3S)-(-)-, (2R3R)-
(+)-, and (2R3S)-(-)-taxifolin represent 16%, 263%, 251% and 13% of the total water volume,
respectively. This indicates that the stereoisomers of taxifolin are differentially distributed in
the body. (2S3R)-(+)-taxifolin is distributed intracellularly, (2R3S)-(-)-taxifolin distributes
extracellularly, while (2S3S)-(-)- and (2R3R)-(+)-taxifolin are deeply distributed into tissues.
These findings suggest that the stereoisomers of taxifolin exit the vascular system and are
either distributed intra- or extracellularly, or even penetrate deep into tissues depending on
their stereochemical configuration.

The AUC) g were comparable for (2S3R)-(+)-taxifolin and (2S3S)-(-)-taxifolin
(462.34 + 65.35 pug x h/ml and 498.37 + 73.45 ug x h/ml, respectively); the AUCy g for

(2R3R)-(+)-taxifolin was approximately 47% lower (235.53 + 32.49 pg x h/ml), and the
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AUCynr for (2R3S)-(-)-taxifolin was 1.5-fold higher (725.94 + 100.45 pg x h/ml). In
comparison, the CLt for (2S3R)-(+)-taxifolin and (2R3S)-(-)-taxifolin were similar (2.38E-03
+ 3.31E-04 L/h/kg, and 2.01E-03 + 1.99E-04 L/h/kg, respectively), whereas the CLt for
(2S3S)-(-)-taxifolin (3.75E-02 + 1.11E-03 L/h/kg) and (2R3R)-(+)-taxifolin (7.97E-02 #*
5.90E-03 L/h/kg) were 15.8-fold and 33.5-fold higher.

The f.., for (2S3R)-(+)- and (2R3S)-(-)-taxifolin indicate that approximately 55% and
22% of these stereoisomers are excreted unchanged in urine, respectively. On the other hand,
less than 1% of (2S3S)-(-)- and (2R3R)-(+)-taxifolin is excreted unchanged in urine. Similarly,
(2S3R)-(+)- and (2R3S)-(-)-taxifolin in the glucuronidated forms are more readily excreted in
urine than the glucuro-conjugates of (2S3S5)-(-)- and (2R3R)-(+)-taxifolin. The CLy of
(2S3R)-(+)-taxifolin (1.25E-03 + 1.60E-04 L/h/kg) is 5.9-fold, 2.7-fold, and 2.9-fold higher
than the CLg of (2S3S)-(-)-, (2R3R)-(+)-, and (2R3S)-(-)-taxifolin.

The reported CLy of (2S3R)-(+)-taxifolin (1.13E-03 + 1.00E-04 L/h/kg), (2S3S)-(-)-
taxifolin (3.73E-02 + 5.78E-03 L/h/kg), (2R3R)-(+)-taxifolin (7.92E-02 + 1.11E-03 L/h/kg),
and (2R3S)-(-)-taxifolin (1.57E-03 + 2.01E-04 L/h/kg) are lower than the hepatic plasma flow
in rats (1.79 L/h/kg) and represent 0.6%, 2.8%, 4.4%, and 0.09% of 1.79 L/h/kg, respectively.
The ER for these stereoisomers are low (<0.3). These results suggest that (2S3S)-(-)-taxifolin
and (2R3R)-(+)-taxifolin are low hepatic extraction compounds. Nevertheless, (2S3S)-(-)-,
(2R3R)-(+)- and (2R3S)-(-)-taxifolin are mainly excreted via non-renal routes.

In summary, the stereoisomers of taxifolin have long half-lives (> 14 h), with (2R3R)-
(+)- having shorter half-life than the other three stereoisomers (14.63 + 2.18 h). The
stereoisomers of taxifolin exit the central compartment and are either distributed

intracellularly, extracellularly, or even reach deep into tissues depending on their
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stereochemistry. (2S3R)-(+)-, (2S3S5)-(-)-, (2R3R)-(+)-, and (2R3S)-(-)-taxifolin are

metabolized in the liver to a lesser degree than homoeriodicytol and isosakuranetin. (2S3S)-
(-)-, (2R3R)-(+)-, and (2R3S)-(-)-taxifolin are mainly excreted via non-renal routes; whereas

(2S3R)-(+)-taxifolin is mainly excreted by the kidneys.

Table 5.3. Stereospecific pharmacokinetics of taxifolin after IV administration in rats
(40mg/kg). The t¥2 and kg from serum are presented for comparison (n = 4, mean + S.E.M.).

a, P <0.05.

ﬁhalmacmﬁcal Units {2S3R)(H)-Taxifolin ~ (2839)-()-Taxifolin ~ (2R3R)-(H-Taxifolin  (2R38)-(-} Taxifolin
aramet er

kg urine e 224E-02+£335E-03  213E-02+£320E-03 4.72E-02+£230E-03" 2.18E-02+ 32 27E-03
(kg serum) () (3.6240.5) (2.9240.34) (3.14+024) (6.1840.92)
ATC mr pgxhiml 462 34 £6535 498 37+73.45 23553432 40 7259 £ 10045
fim % 5224 +£795° 057403 058+£0.07 2186 £323
foo % 2252453000 0.05+001 0014 123E03 0.25+001
CL1 Lihfkg 236E-03+£331E-04 379E-02+£ 1.11E-03  7.97E-02£5.%0E-02* 2.01E-03+ 1. %9E-04
Clp Lhfkg 125E03 £160E-04* 2 13E- £458E-05 4 65E04+£119E-05  4.38E-04 £+ 3 01E-05
Clyg Lifkg L1003+ 1.00E-04  373E-02+£538E-03  792E-02+111E-03*  157E03+201E-04
Ve Lkg 0112001 176 +£025 168024 0.08+001

tYe urine h 3091402 3261458 4E3£218 3173375
(1% serum) (h) (0,194 0.02) (0.24 £ 0.02) (022+0.03) (0.11£0.00)

ER - 6.13E-04+ 9 01E-05  208E-02+£311E-03  443E02+35364E-03 B 74E-044 132E-04

Previous studies have reported taxifolin as a metabolite of maritime pine bark extract

[134]. After oral administration of single (300 mg) and multiple doses (200 mg x 5 days) of
maritime pine bark extract to humans, taxifolin, catechin, caffeic acid, ferulic acid, and 6-(3.4-
dihydroxy-phenyl)-y-valerolactone were detected in plasma samples up to 14 hours. The

AUC.nr reported for taxifolin was 231.11 £ 85.98 ngxh/ml, whereas elimination half-life

was 8.89 + 2.81 hours.
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It has been previously reported that taxifolin is not metabolized by rat liver
microsomes in vitro [136]. This findings support that fact that the glucuronidated forms of
(2S3R)-(+)-taxifolin, (2S3S)-(-)-taxifolin, (2R3R)-(+)-taxifolin and (2R3S)-(-)-taxifolin were

found in low concentrations in serum and urine.

5.5 CONCLUSIONS

In summary, the developed stereospecific HPLC methods for homoeriodicytol,
isosakuranetin, and taxifolin have been applied for the first time to pharmacokinetic studies of
the stereoisomers of these chiral flavonoids in rats. It has been demonstrated that small
differences in the stereochemical structure of the stereoisomers of these flavonoids have a
great impact on their pharmacokinetic profile and disposition.

Previous pharmacokinetic studies of homoeriodicytol, isosakuranetin, and taxifolin are
limited, and have not taken into consideration the chiral nature of these compounds. To our
knowledge, this is the first study that has assessed the stereospecific pharmacokinetics of
homoeriodicytol, isosakuranetin, and taxifolin after intravenous administration of the pure
racemates to rats. Previous studies of the three flavonoids have focused only on the racemic
mixtures and have utilized achiral analysis in serum, urine, and tissues. Most of the previous
studies only collect samples up to 24 hours post-dose, which could result in the
underestimation of the overall elimination phase and therefore affect the calculation of
pharmacokinetic parameters.

It was also observed that some discrepancy existed between half-lives in serum and
urine for homoeriodicytol, isosakuranetin, and taxifolin. Assay sensitivity in serum may
explain this inconsistency; therefore, it is likely that serum half-lives significantly

underestimate overall half-lives of homoeriodicytol, isosakuranetin, and taxifolin. In addition,
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it was observed that homoeriodicytol, isosakuranetin, and taxifolin were detected in urine up
to 96 hours, whereas these compounds were detected in serum for up to two hours. Thus, a
more accurate estimation of pharmacokinetic parameters can be obtained from urine.

The limited sensitivity in serum may be overcome using other methods of analysis
such as high performance liquid chromatography — mass spectrometry (HPLC-MS), liquid
chromatograph — mass spectrometry — mass spectrometry (LC-MS-MS), or gas
chromatography — mass spectrometry (GC-MS) that allow for detection of much lower
concentrations compared to HPLC — UV/Vis. These findings demonstrate the challenges of
experimentally understanding disposition of these homoeriodicytol, isosakuranetin, and
taxifolin as others have found with flavonoids and stilbenes [152-154]. Urinary data is of
tremendous utility in describing the pharmacokinetics of these compounds since serum
concentrations are low and clearance from serum is extremely rapid.

Based on the pharmacokinetic data obtained, homoeriodicytol, isosakuranetin, and
taxifolin appear to exit the systemic circulation in order to distribute into tissues. High Vgg
values were reported for the stereoisomers of homoeriodicytol, isosakuranetin, and taxifolin,
except for (2S3R)-(+)-taxifolin and (2R3S)-(-)-taxifolin. Clearance occurs mainly via non-
renal routes, assuming that the hepatic clearance is equivalent to non-renal clearance. Low
fraction excreted in urine (f.) values were seen in all stereoisomers of homoeriodicytol,
isosakuranetin, and taxifolin, except for (2S3R)-(+)-taxifolin and (2R3S)-(-)-taxifolin.

The pharmacokinetics of homoeriodicytol reveals disposition, metabolism, and
elimination that are dependent on the stereochemistry of the enantiomers. Both R(+)-
homoeriodicytol and S(-)-homoeriodicytol have long half-lives, they exit the central

compartment and penetrate into tissues. R(+)-homoeriodicytol and S(-)-homoeriodicytol are
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metabolized in the liver into glucuro-conjugates and are mainly cleared by non-renal routes.
S(-)-homoeriodicytol excretion in urine is higher than R(+)-homoeriodicytol.

The disposition, metabolism, and excretion of isosakuranetin enantiomers are
stereoselective processes. Though isosakuranetin enantiomers have long half-lives, 2S-
isosakuranetin remains in the body 1.5-fold longer than 2R-isosakuranetin. 2S-isosakuranetin
and 2R-isosakuranetin exit the central compartment and penetrate deep into tissues. They are
metabolized in the liver, where glucuro-conjugates are formed, and are excreted mainly via
non-renal routes. 2S-isosakuranetin is more readily excreted in urine than the 2R-enantiomer.

The stereoisomers of taxifolin have comparably long half-lives, with (2R3R)-(+)-
having a shorter half-life than the other three stereoisomers. The stereoisomers of taxifolin
exit the central compartment and are either distributed intracellularly, extracellularly, or even
distribute deep into tissues depending on their stereochemistry. (2S3R)-(+)-, (2S3S)-(-)-,
(2R3R)-(+)-, and (2R3S)-(-)-taxifolin are metabolized in the liver to a lesser degree than
homoeriodicytol and isosakuranetin. (2S3S)-(-)-, (2R3R)-(+)-, and (2R3S)-(-)-taxifolin are
mainly excreted via non-renal routes; whereas (2S3R)-(+)-taxifolin is mainly excreted by the
kidneys.

The differences in disposition, metabolism, and excretion of the stereoisomers of
homoeriodicytol, isosakuranetin, and taxifolin would have not been apparent if achiral
methods of analysis were used as previously reported in pharmacokinetic studies of these
compounds which provide less scientifically insightful results. These findings further
demonstrate the utility of developing chiral methods of analysis for xenobiotics with a chiral

nature to provide a more comprehensive understanding of their disposition.
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6 In__ vitro _Pharmacological activity of Homoeriodictyol,

Isosakuranetin, and Taxifolin

6.1 INTRODUCTION

This chapter describes the in vitro pharmacological activities of homoeriodicytol,
isosakuranetin, and taxifolin in selected assays. An exploratory approach demonstrates the
anti-cancer, anti-inflammatory, and anti-oxidant activities, as well as cyclooxygenases (COX)
and histone deacetylases (HDAC) inhibitory activities of the racemic and enantiomeric forms
of each compound. Similarly, the effect of the aglycone forms of these compounds are

compared to the pharmacological activities of some glycosylated forms.
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6.2 BACKGROUND

Previous studies have suggested some pharmacological activity for homoeriodicytol,
isosakuranetin, and taxifolin including anti-cancer, anti-inflammatory, anti-adipogenic, and
anti-oxidant activities (Chapter I). However, the importance of the study of the enantiomers of
these three compounds in terms of eliciting activity has not been evaluated. Similarly, the
importance of the potential activity of the glycosylated forms of these compounds has not
been ascertained previously.

When compounds with similar actions are present together, the combined effect may
be predicted by additivity if the individual drugs are equally active. However, the effect of a
combination of some drugs such as enantiomers can be exaggerated or attenuated. The
exaggerated effect is termed synergistic, whereas the blunted effect is termed sub-additive or
antagonistic [161]. In each of these cases, the individual compounds may contribute
differentially to the effect. Assessment of activity that departs from additivity suggests that
some kind of interaction is occurring when both compounds are present together.

Therefore, understanding the role of each flavonoid enantiomer in the pharmacological
activity described for the racemic mixtures as well as the differences between the activity of
aglycones and glycosides is important. One of the inherit difficulties of assessing the
individual activity of enantiomers can be their lack of commercial availability. Furthermore,
some enantiomers can racemize or isomerize (Chapter I, [124,162]). The degree of purity of
the enantiomer is also critically important. The methods of stereoseparation usually require
high resolution of the assay to obtain stereochemically pure enantiomers.

This chapter describes and compares the anti-cancer, anti-inflammatory, anti-

adipogenic, and anti-oxidant activities as well as the COX and HDAC inhibitory activities of
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the stereoisomers of homoeriodicytol (R(+) and (S(-)), isosakuranetin (2S and 2R) and

taxifolin ((2S3R)-(+), (2S3S)-(-), (2R3R)-(+), and (2R3S)-(+)).

6.3 METHODS

6.3.1 Attempts at Isolation of the Pure Stereoisomers

The validated HPLC methods described in Chapters II — IV were used in attempts to
isolate pure stereoisomers. Racemic mixtures of homoeriodicytol, isosakuranetin, and
taxifolin were obtained from commercial sources. The HPLC conditions described for each
compound were used and a series of injections were performed followed by the collection of
the chromatographic peaks of each stereoisomer in separate 50.0 ml conical tubes. Pure
stereoisomers were collected and dried down to completion under nitrogen gas using a rotary
evaporator (Organomation Associates, Inc., Berlin, MA, USA). Issues with the isomerization
of taxifolin [123] and the need of high quantities of stereoisomers for the resolution of their
absolute configuration in circular dichroism experiments limited the amount available for the
pharmacological studies. Similarly, in the case of homoeriodicytol, the racemization of the
compound (Chapter II) also limited the ability to obtain pure R(+)-homoeriodicytol.
Isomerization and racemization of chiral flavonoids has been documented in the literature for
some chiral flavonoids (Chapter I). However, isolation of isosakuranetin enantiomers was

successfully conducted and racemization was not apparent for this flavonoid.
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6.3.2 In vitro Anti-cancer activity

6.3.2.1 Chemicals and Reagents

Racemic homoeriodicytol, isosakuranetin, taxifolin, and S(-)-homoeriodicytol were
purchased from Indofine Chemical Company (Hillsborough, NJ, USA). (2R3R)-(+)-Taxifolin
was purchased from Extrasyntheése (Genay, France). 2S-isosakuranetin and 2R-isosakuranetin
were individually isolated using stereospecific HPLC (Chapter III). Pure 2S-isosakuranetin
and 2R-isosakuranetin were collected and the mobile phase was evaporated using a nitrogen
evaporator. Trypsin-Ethylenediamenetetraacetic acid (EDTA), trypan blue, phosphate-
buffered saline (PBS), 4-methylumbelliferone, resazurin, cell culture tested sodium carbonate,
HEPES, B-glucosidase, sodium pyruvate, McCoy’s 5A medium, penicillin-streptomycin, and
insulin were purchased from Sigma (St. Louis, MO, USA). Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 Ham (DMEM/F-12) without phenol red and RMPI 1640
medium were purchased from Gibco Industries Inc. (Langley, OK, USA). Fetal bovine serum
(FBS) was purchased from Equitech-Bio Inc. (Kerrville, TX, USA). Dimethyl sulfoxide

(DMSO) was purchased from Sigma Chemicals (St Louis, MO, USA).

6.3.2.2 Cell Culture

The cell lines used in these series of experiments were A-375 (human malignant
melanoma), HCT-116 (human colorectal carcinoma), MDA-MB-231 (Her-2/Neu positive,
estrogen negative breast adenocarcinoma), Hep-G2 (human hepatocellular carcinoma), SK-
BR-3 (breast adenocarcinoma), and PC3 (prostate carcinoma). All cell lines were obtained
from the American Type Culture Association (ATCC, Manassas, VA, USA). All media

preparation and other cell culture work were performed in a laminar flow hood. The blower
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and UV light in the cell culture hood were turned on 15 - 20 minutes before each use. The
working surface was sterilized with 75% ethanol before and after each use. A-375 and Hep-
G2 cells were maintained in 12.0 — 15.0 ml DMEM medium; MDA-MB-231 and PC-3 cells
were maintained in 12.0 — 15.0 ml RPMI medium; and HCT-116 and SK-BR-3 cells were
maintained in 12.0 — 15.0 ml McCoy’s SA medium. All cell lines were supplemented with
10% heat-inactivated FBS. The Hep-G2 cell line was also supplemented with insulin (4.0
mg/ml). In addition, all cell lines were treated with penicillin-streptomycin (10.0 mg/l). All
cell lines were placed in 75 cm? tissue cell culture flasks (15 cm x 8.5 cm x 3.5 cm, TPP,
Switzerland), and incubated at 37°C in a 5% CO, atmosphere using a Forma Scientific CO,

water jacketed incubator from Thermo Scientific (Waltham, MA, USA).

6.3.2.3 Cell Subculture and Cell Number

Thirty minutes prior to subculturing cell lines, media, PBS, and a trypsin-EDTA
solution were placed in a 37°C Precision Scientific Inc. reciprocal shaking water bath (Artisan
Scientific Corporation, Champaign, IL, USA). The trypsin-EDTA solution was comprised of
0.5% trypsin and 0.2% EDTA/0.9% NaCl diluted in PBS to prepare a 10% working solution.
Next, the cell flask was removed from the 5% CO, incubator and cells were observed under
the light microscope to determine the percent confluency and their general health. A
percentage of confluency of 50-75% was desired; after confluency was determined, media
were aspirated and the cells were washed with 5.0 ml PBS. After a gentle wash, PBS was
aspirated and 1.0 ml of the trypsin-EDTA working solution was added; then the flask was
placed in the 5% CO, incubator for 2 — 4 minutes depending on the cell line. The flask was

then removed from the incubator and when cell detachment was confirmed with the light
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microscope, trypsin-EDTA containing detached cells was transferred to a 15 ml conical tube
containing 9.0 ml PBS. The conical tube was centrifuged at 700 r.p.m. for 5 minutes.
Following centrifugation, the conical tube was removed and the supernatant was aspirated,
leaving the cell pellet undisturbed. Resuspension of cells was attained by adding 5.0 ml of
fresh media followed by careful pipetting for 3 minutes; 10.0 ul of resuspended cells was
removed and diluted 4 times in trypan blue. The trypan blue solution was added to a Hausser
BRIGHT-LINE counting chamber (1.0 mm deep) from Optic Planet, Inc. (Northbrook, IL,
USA) where the number of live cells was verified, and the number of dead cells was recorded.
If it was determined that the number of dead cells surpassed 10% of the total population of
healthy cells, the cells were excluded from future experiments and a new generation of the
cell line was thawed.

The total number of cells in the flask was determined using the following equation:

Cells/ml = (# cells/4) x (dilution) x (1 x 10°)
Media containing cells and fresh media were added in determined volumes to a fresh 75 cm’
flask depending on the observed cell number attained with the previous equation, and the
desired cell seeding number. The flask was then placed into the 5% CO, incubator at 37°C.
Cell subculture was performed 2-3 times per week depending on the growth rate of each
particular cell line and the observed confluency.

The optimal cell seeding numbers for each cell line was determined by preliminary
cell seeding number experiments. Cells were seeded in number 1 x 104, 2 X 104, 3 x 10" and
so on until a final seeding number of 5 x 10* per well in a 96-well plate (Costar 3595, Costar
Corp., Cambridge, MA, USA) was attained. The 96-well plates were incubated in a 5% CO,

atmosphere for 72 h. After incubation, medium was aspirated; 20.0 pl of 10% Alamar blue
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(resazurin) fluorescent dye solution was added to the cells. The 96-well plates were incubated
at 37°C in 5% CO, atmosphere for 3 hours, then removed from the incubator and placed at
room temperature in a drawer to protect them from light for 30 minutes. Next, the 96-well
plates were placed into a Synergynt multi-well plate reader (Biotek® Instruments Inc.,
Winnoski, VT, USA) using Gen 5 software from Biotek®. Fluorescence was read at an
excitation of 530 nm and an emission of 590 nm. Standard curves of cell seeding number and
fluorescence were generated. The optimal cell seeding number for each cell line to be used in
this series of experiments was chosen form the linear portion of the generated curve. All cell

lines were seeded at a density of 5,000 cells per well.

6.3.2.4 Anti-cancer Models

Counted and seeded A-375, MDA-MB-231, HCT-116, HepG2, PC3, and SK-BR-3
cells were placed on 96-well plates, then incubated at 37°C in a 5% CO, atmosphere for 24
hours. On the day of the experiment, homoeriodicytol, isosakuranetin, taxifolin, S(-)-
homoeriodicytol, and (2R3R)-(+)-taxifolin were dissolved in DMSO and diluted with the
corresponding media to yield concentrations of 250.0, 100.0, 50.0, 10.0, 5.0, and 1.0 pg/ml
per enantiomer. Media were aspirated from the wells, and cells were treated with media
containing homoeriodicytol, isosakuranetin, taxifolin, S(-)-homoeriodicytol, and (+)-taxifolin
at different concentrations (1.0 — 250.0 pg/ml); DMSO in media and media alone were used
as controls. Treated and control cells were incubated at 37°C in a 5% CO, atmosphere for 72

hours.
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6.3.2.5 Description of the Alamar Blue Assay

After 72 hours incubation, the 96-well plates were removed from the incubator; 20.0
ul of 10% Alamar blue (resazurin) fluorescent dye was added to the control and treatment
groups in the 96-well plates; they were incubated at 37°C in a 5% CO, atmosphere for an
additional 3 hours. Following 3 hours incubation, the 96-well plates were placed in a
darkened environment for 30 minutes at room temperature; then placed into a Synergynt
multi-well plate reader using Gen 5 software from Biotek®. Fluorescence was read at an
excitation of 530 nm and an emission of 590 nm. The viable cell number (as a percent of
control) in each cell line was measured and for each cell line exposed to varying
concentrations of homoeriodicytol, isosakuranetin, taxifolin, S(-)-homoeriodicytol, and

(2R3R)-(+)-taxifolin the ICsy was calculated.

6.3.2.6 Data Analysis

Data were analyzed as mean percent of viable cells + standard deviation in Microsoft
Excel® (Microsoft Office Professional Edition, Copyright ©1985-2003 Microsoft
Corporation) and then graphed using Sigma Plot® software (Version 10.0, Build 0.0.54,
Copyright ©2006 Systat Software, Inc.). Next, the individual mean percent of viable cells was
modeled using the inhibitory effect model WinNonlin® (Version 5.2, Build 200701231637,
Pharsight WinNonlin copyright ©1998-2007) pharmacodynamic software. This model
allowed the calculation of the concentration that inhibits 50% cell viability (ICs) for each cell
line investigated. The ICsy values were obtained using the following equation:

E = End (1-CHAC + ICsy))

" Viability
¥ Maximum viability
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" Concentration
Data were expressed as the mean + standard error of the mean (S.E.M.) of ICsy values

across replicates.

6.3.3 In vitro Anti-inflammatory activity

6.3.3.1 Chemicals and Reagents

Racemic homoeriodicytol, and taxifolin were purchased from Indofine Chemical
Company (Hillsborough, NJ, USA). Trypsin-ethylenediamenetetraacetic acid (EDTA), trypan
blue, phosphate-buffered saline (PBS), resazurin, cell culture tested sodium carbonate, 4-(2-
hydroxyethyl-1-piperazineethanesulphonic acid (HEPES), McCoy’s 5A medium, penicillin-
streptomycin, and dimethyl sulfoxide (DMSO) were purchased from Sigma (St. Louis, MO,
USA). Fetal bovine serum (FBS) was purchased from Equitech-Bio Inc. (Kerrville, TX, USA).
The prostaglandin E, (PGE,) Direct Biotrak'™ Assay Kit was purchased from GE Healthcare

(previously Amersham Biosciences Corp., Piscataway, NJ, USA, catalog No. RPN222).

6.3.3.2 Cell Culture

The cell line employed in this series of experiments was HT-29 (colon
adenocarcinoma) purchased from American Type Culture Collection (ATCC, Manassas, VA,
USA). The cell line was maintained in McCoy 5A medium with 10% heat-inactivated FBS,
penicillin-streptomycin (10.0 mg/l), and HEPES (6.0 g/1); and incubated at 37°C in a 5% CO,

atmosphere.
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6.3.3.3 Cell Subculture and Cell Number

Thirty minutes prior to subculturing cell lines, medium, PBS, and a trypsin-EDTA
solution were placed in a 37°C water bath. The trypsin-EDTA solution was comprised of
0.5% trypsin and 0.2% EDTA/0.9% NacCl diluted in PBS to prepare a 10% working solution.
Next, the cell flask was removed from the 5% CO, incubator and cells were observed under
the light microscope to determine the percent confluency and their general health. A
percentage of confluency of 60-80% was desired; after confluency was determined, medium
was aspirated and the cells were washed with 5.0 ml PBS. After a gentle wash, PBS was
aspirated and 2.0 ml of the trypsin-EDTA working solution was added; then the flask was
placed in the 5% CO; incubator for 2 — 4 minutes. The flask was then removed from the
incubator and when cell detachment was confirmed with the light microscope, trypsin-EDTA
containing detached cells was transferred to a 15 ml conical tube containing 8.0 ml PBS. The
conical tube was centrifuged at 700 r.p.m. for 5 minutes. Following centrifugation, the conical
tube was removed and the supernatant was aspirated, leaving the cell pellet undisturbed.
Resuspension of cells was attained by adding 5.0 ml of fresh medium followed by careful
pipetting for 3 minutes; 10.0 ul of resuspended cells was removed and diluted 4 times in
trypan blue. The trypan blue solution was added to a Hausser BRIGHT-LINE counting
chamber (1.0 mm deep) from Optic Planet, Inc. (Northbrook, IL, USA) where the number of
live cells was verified, and the number of dead cells was recorded. If it was determined that
the number of dead cells surpassed the 10% of the total population of healthy cells, the cells
were excluded from future experiments and a new generation of the cell line was thawed.

The total number of cells in the flask was determined using the following equation:

Cells/ml = (# cells/4) x (dilution) x (I x ]04)
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Media containing cells and fresh media were added in determined volumes to a fresh 75 cm’
flask depending on the observed cell number attained with the previous equation, and the
desired cell seeding number. The flask was then placed into the 5% CO, incubator at 37°C.
Cell subculture was performed 2-3 times per week depending on the growth rate and the
observed confluency.

The optimal cell seeding numbers was determined by preliminary cell seeding number
experiments. Cells were seeded in number 1 x 104, 2 x 104, 3 x 10" and so on until a final
seeding number of 5 x 10* per well in a 96-well plate (Costar 3595, Costar Corp., Cambridge,
MA, USA) was achieved. The 96-well plates were incubated in a 5% CO, atmosphere for 72
hours. After incubation, medium was aspirated and 20.0 ul of 10% Alamar blue (resazurin)
fluorescent dye solution was added to the cells. The 96-well plates were incubated at 37°C in
5% CO, atmosphere for 3 hours, then removed from the incubator and placed at room
temperature in a drawer to protect them from light for 30 minutes. Next, the 96-well plates
were placed into a Synergynt multi-well plate reader (Biotek® Instruments Inc., Winnoski, VT,
USA) using Gen 5 software from Biotek®. Fluorescence was read at an excitation of 530 nm
and an emission of 590 nm. Standard curves of cell seeding number and fluorescence were
generated. The optimal cell seeding number for HT-29 cells was chosen form the linear

portion of the generated curve. This cell line was seeded at a density of 20,000 cells per well.

6.3.34 In vitro Colitis Model

The employed in vitro colitis model was adapted from previously described
methodology [153]. HT-29 (colorectal adenocarcinoma) cells were counted and seeded on 96-

well plates. The seeded cells were then incubated at 37°C in a 5% CO, atmosphere until they
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reached monolayer confluency of 60 — 80% at 72 hours. Cells were then serum starved for 24
hours. On the day of the experiment, homoeriodicytol, isosakuranetin, and taxifolin were
dissolved in 1.0 ul DMSO and diluted in 1.0 ml medium to yield concentrations of 1.0, 10.0,
50.0, and 100.0 pg/ml per flavonoid.

The cells were divided into one of four groups: (1) cells treated with vehicle (1.0 pl
DMSO in 1.0 ml medium) in the presence of 250.0 ul TNF-a, (2) cells treated with vehicle
(1.0 ul DMSO in 1.0 ml medium) without TNF-a, (3) cells treated with the compounds (1.0 —
100.0 pg/ml) with 250.0 pl TNF-a, and (4) cells treated with the compounds (1.0 — 100.0
ug/ml) without TNF-a. Medium was aspirated from each well and then cells were treated with
the compounds or vehicle in triplicate. Depending on the group, either 250.0 ul TNF-a (20.0
ng/ml) in medium or 250.0 pl of blank media was added. Medium from each group of
triplicates was collected at 24 hours and stored at -80°C for further analysis; the desired
biomarkers were measured within 72 hours.

Prostaglandin E, (PGE,) levels were measured using the prostaglandin E, (PGE,)
Direct Biotrak ™ assay kit. Assay buffer, lyophilized PGE, antibody, lyophilized horseradish
peroxidase (HRP)-PGE, conjugate, wash buffer, 3,3’5,5’-tetramethylbenzidine (TMB)
substrate, lysis reagent 1, lysis reagent 2, and PGE, standard were prepared on the day of the
experiment following the manufacturer’s instructions. A serial dilution of the PGE, standard
was used to construct a standard curve. Assay blanks, standards and the collected media from
each treatment and control group were placed in the 96-well plate supplied in the kit and
incubated for 30 minutes at room temperature after the addition of lyophilized PGE, antibody.
PGE, from samples was measured using a Synergynt multi-well plate reader (Biotek®

Instruments Inc., Winnoski, VT, USA) using Gen 5 software from Biotek®. Absorbance was
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read at 450 nm. The average optical density was calculated for each set of replicates. The

PGE,; content of the samples was compared to the percent bound for standards (%B/B).

6.3.3.5 Relevance of the Selected Inflammatory Mediator in the In Vitro Model
of Colitis

Prostaglandin E, (PGE;) is normally involved in gastrointestinal (GI) motility,
bicarbonate secretion, mucus secretion, and cytoprotection of the GI tract [163]. During
inflammation, radiation-induced injury, and GI tumorgenesis differential expression of EP
receptors has been reported. EP receptors consist of four different subtypes — EP;, EP,, EP;,
and EP4 — and are cellular membrane receptors for PGE,. Previously, upregulation of EP4 in T
lymphocytes as well as EP, and EP3 in epithelial cells have been reported in ulcerative colitis
[163]. The function of prostaglandins, in particular PGE, in the gastrointestinal tract is
determined by the PGE,-EP coupling, and can be either pro- or anti-inflammatory. For
example, EP, signaling outcomes vary between early onset — pro-inflammatory on mucosal
epithelial cells — and the late progressive stage of colitis — anti-inflammatory on immune cells
in the lamina propia [163]. The PGE, concentration was measured and the ICsy values were
calculated for HT-29 colon adenocarcinoma cells exposed to varying concentrations of (+/-)-

homoeriodicytol and (+/-)-taxifolin.

6.3.3.6 Description of the Prostaglandin E, (PGE,) Assay

The prostaglandin E, (PGE,) Direct Biotrak™ assay kit was purchased from GE
Healthcare (previously Amersham Biosciences Corp., Piscataway, NJ, USA, catalog No.

RPN222). This competitive enzymeimmunoassay (EIA) system uses novel lysis reagents to
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facilitate the extraction of PGE, from cell cultures without the need to remove the extracting
agents prior to measurement, ensuring PGE, is directly available for later analysis.
Intracellular PGE; is released after hydrolysis, and is later sequestered to ensure PGE; is free

for subsequent analysis. More details are available in the manufacturer’s instruction manual.

6.3.3.7 Statistical Analysis

All experiments were repeated at least in duplicate; data are expressed as the mean +
standard error of the mean (S.E.M.). Comparisons among control and treatment groups were
made using General Linear Model (GLM) ANOV A with Newman-Keuls multiple comparison
test using NCSS Statistical and Power Analysis software (NCSS, Kaysville, UT, USA). With

all analyses a P < 0.05 was considered significant.

6.3.4 In vitro Cyclooxygenase-1 and -2 (COX) Inhibitory Activity

6.3.4.1 Chemicals and Reagents

Racemic taxifolin and isosakuranetin were purchased from Indofine Chemical
Company (Hillsborough, NJ, USA). S-isosakuranetin and 2R-isosakuranetin were
individually isolated using stereospecific HPLC (Chapter III). Pure 2S-isosakuranetin and 2R-
isosakuranetin were collected and the mobile phase was evaporated using a nitrogen
evaporator. Dimethyl sulfoxide (DMSO) was purchased from Sigma (St. Louis, MO, USA).
The COX Inhibitor Screening Assay Kit was purchased from Cayman Chemical Company

(Ann Arbor, MI, USA, catalog No. 560131).
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6.3.4.2 Pre-Assay Preparations

On the day of the experiment, homoeriodicytol, S(-)-homoeriodicytol, isosakuranetin,
poncirin, didymin, taxifolin, astilbin, and (2R3R)-(+)-taxifolin were dissolved in DMSO to
yield concentrations of 1.0, 10.0, 50.0, and 100.0 pg/ml. Standards and samples used in the
assay were prepared two days in advance. On day 1, the reaction buffer, COX-1 (bovine),
COX-2 (human recombinant), heme, arachidonic acid, hydrocholic adic, and stannous
chloride (SnCl,) were prepared according to the manufacturer’s instructions. Inactivated
enzymes (COX-1 and COX-2) were used to generate background values; active enzymes
were used to asses 100% initial activity for COX-1 and COX-2. All samples prepared this day
were stored at 4°C. On day 2, the reagents for the assay were prepared and COX inhibitory
activity was assessed. The inhibitory activity of the compounds was tested individually for
COX-1 and COX-2. The wash buffer, prostaglandin (PG) standard, PG screening AChE tracer,
and PG screening antiserum were prepared following the manufacturer’s instructions. COX
reactions were performed in serial dilutions for the background samples, the 100% initial
activity samples, and the COX inhibitor samples. Controls, standards, and samples were
placed in 96-well plates and incubated overnight at room temperature. On day 3, the plate was
developed using Ellman’s reagent for 60 — 90 minutes. The COX inhibitor activity of the
compounds was measured using a Synergynt multi-well plate reader (Biotek® Instruments
Inc., Winnoski, VT, USA) using Gen 5 software from Biotek®. Absorbance was read at 405 —
420 nm. The COX inhibitor activity of the samples was compared to the percentage of

standard bound/ maximum bound (%B/B).
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6.3.4.3 Description of the COX Inhibitor Screening Assay

The COX Inhibitor Screening Assay Kit was purchased from Cayman Chemical
Company (Ann Arbor, MI, USA, catalog No. 560131) and it directly measures the level of
PGF,, produced from PGH, after SnCl, reduction. PGF,, is quantified via enzyme
immunoassay (EIA) using a broadly specific antibody that binds PG compounds. This assay
includes both ovine COX-1 and human recombinant COX-2 enzymes in order to screen
isozyme-specific inhibitors. For more details see the manufacturer’s instruction manual. The
inhibition of COX — expressed as percentage of COX activity — for (+/-)-homoeriodicytol, S(-
)-homoeridictyol, (+/-)-isosakuranetin, poncirin, didymin, (+/-)-taxifolin, astilbin, and

(2R3R)-(+)-taxifolin was measured and the ICs, values were calculated.

6.3.4.4 Statistical Analysis

Compiled data were present as mean and standard error of the mean (mean + S.E.M.).
General Linear Model (GLM) Analysis of Variance (ANOVA) with Newman-Keuls multiple
comparison test was utilized with a p-value < 0.05 been statistically significant (NCSS

Statistical and Power Analysis, Kaysville, UT).

6.3.5 In vitro Anti-oxidant activity

6.3.5.1 Chemicals and Reagents

Racemic homoeriodicytol, isosakuranetin, taxifolin, and S(-)-homoeriodicytol were
purchased from Indofine Chemical Company (Hillsborough, NJ, USA). (2R3R)-(+)-Taxifolin,
didymin (2S-isosakuranetin-7-rutinoside), and poncirin (2S-isosakuranetin-7-

neohesperidoside) were purchased from Extrasynthese (Genay, France). Dimethyl sulfoxide
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(DMSO) was purchased from Sigma (St. Louis, MO, USA). The Anti-oxidant Assay Kit was

purchased from Cayman Chemical Company (Ann Arbor, MI, USA, catalog No. 709001).

6.3.5.2 Pre-Assay Preparations

On the day of the experiment, homoeriodicytol, S(-)-homoeriodicytol, isosakuranetin,
poncirin, didymin, taxifolin, astilbin, and (2R3R)-(+)-taxifolin were dissolved in DMSO to
yield concentrations of 1.0, 10.0, 50.0, and 100.0 pg/ml per enantiomer. The assay buffer,
chromogen, trolox and hydrogen peroxide were prepared on the day of the experiment
following the manufacturer’s instructions. A trolox standard curve was constructed using a
serial of dilutions. Controls, standards, and treatments at different concentrations (1.0 — 100.0
ug/ml) were placed in 96-well plates and hydrogen peroxide was used to start the oxidative
reaction. The anti-oxidant activity of the compounds was measured using a Synergynt multi-
well plate reader (Biotek® Instruments Inc., Winnoski, VT, USA) using Gen 5 software from
Biotek® after five minutes of exposure to hydrogen peroxide. Absorbance was read at 750 nm
to decrease interference. The anti-oxidant capacity of the samples was compared to that of

trolox.

6.3.5.3 Description of the Anti-oxidant Assay

The Cayman Anti-oxidant Assay Kit measures the total anti-oxidant capacity based on
the ability of the anti-oxidants in the sample to inhibit the oxidation of ABTS" to ABTS™.
For more details see the manufacturer’s instruction manual. The anti-oxidant capacity

expressed as trolox equivalent anti-oxidant capacity (TEAC) of (+/-)-homoeriodicytol, S(-)-



126

homoeriodicytol, (+/-)-isosakuranetin, and (+/-)-taxifolin was measured and the ICsy values

were calculated.

6.3.54 Statitistical Analysis

Compiled data were present as mean and standard error of the mean (mean + S.E.M.).
General Linear Model (GLM) Analysis of Variance (ANOVA) with Newman-Keuls multiple
comparison test was utilized with a p-value < 0.05 being statistically significant (NCSS

Statistical and Power Analysis, Kaysville, UT).

6.3.6 In vitro Histone deacetylases (HDAC) Activity

6.3.6.1 Chemicals and Reagents

Taxifolin and homoeriodicytol were purchased from Indofine Chemical Company
(Hillsborough, NJ, USA). Dimethyl sulfoxide (DMSO) was purchased from Sigma (St. Louis,
MO, USA). The HDAC Activity Assay Kit was purchased from Cayman Chemical Company

(Ann Arbor, MI, USA, catalog No. 10011563).

6.3.6.2 Pre-Assay Preparations

On the day of the experiment, homoeriodicytol, S(-)-homoeriodicytol, isosakuranetin,
poncirin, didymin, taxifolin, astilbin, and (2R3R)-(+)-taxifolin were dissolved in DMSO to
yield concentrations of 1.0, 10.0, 50.0, and 100.0 pg/ml. The assay buffer, HDAC1-positive
control (human recombinant), Trichostatin A, HDAC substrate, deacetylated standard and

developer were prepared on the day of the experiment following the manufacturer’s
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instructions. The flavonoids at different concentrations were treated with and without
Trichostatin A. Serial dilutions of the deacetylated standard were used to construct a standard
curve. Controls, standards, and treatments at different concentrations (1.0 — 100.0 pg/ml)
were placed in 96-well plates. HDAC substrate was used to initiate the reaction (30 minutes),
followed by the developer (15 minutes). The HDAC activity of the compounds was measured
using a Synergynt multi-well plate reader (Biotek® Instruments Inc., Winnoski, VT, USA)
using Gen 5 software from Biotek®. Fluorescence was read using an excitation wavelength of
340 — 360 nm and an emission wavelength of 440 — 465 nm. A comparison of the Trichostatin
A-treated samples with their corresponding counterparts to yield the corrected sample
fluorescence was performed. The deacetylated concentration of samples was compared to the

standard curve; the HDAC activity of the samples was then calculated.

6.3.6.3 Description of the HDAC Activity Assay

The HDAC Activity Assay kit consists of two steps: 1) An acetylated lysine substrate
is incubated with samples containing HDAC activity; then 2) a fluorescent product is released
as the substrate is sensitized when deacetylation occurs after treatment with HDAC developer.
The samples treated with the compounds are compared with a HDAC deacetylated standard.
The assay measures Class I and II HDAC activity using a fluorescent reaction product
analyzed with excitation wavelengths of 340-360 nm and emission wavelengths of 440-465
nm using a Synergynt multi-well plate reader (Biotek® Instruments Inc., Winnoski, VT, USA)
using Gen 5 software from Biotek®. For more details see the instruction manual. The HDAC

activity of (4/-)-homoeriodicytol, S(-)-homoeriodicytol, (+/-)-isosakuranetin, poncirin,
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didymin, (+/-)-taxifolin, astilbin and (2R3R)-(+)-taxifolin was measured and the ICsy were

calculated.

6.3.6.4 Statistical Analysis

Compiled data were present as mean and standard error of the mean (mean + S.E.M.).
General Linear Model (GLM) Analysis of Variance (ANOVA) with Newman-Keuls multiple
comparison test was utilized with a p-value < 0.05 been statistically significant (NCSS

Statistical and Power Analysis, Kaysville, UT).

6.3.7 In vitro Anti-adipogenic Activity

6.3.7.1 Chemicals and Reagents

Racemic homoeriodicytol, isosakuranetin, taxifolin, and S(-)-homoeriodicytol were
purchased from Indofine Chemical Company (Hillsborough, NJ, USA). (2R3R)-(+)-Taxifolin
was purchased from Extrasyntheése (Genay, France). Trypsin-Ethylenediamenetetraacetic acid
(EDTA), trypan blue, phosphate-buffered saline (PBS), 4-methylumbelliferone, resazurin, cell
culture tested sodium carbonate, HEPES, sodium pyruvate, penicillin-streptomycin, and
insulin were purchased from Sigma (St. Louis, MO, USA). Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 Ham (DMEM/F-12) without phenol red medium was
purchased from Gibco Industries Inc. (Langley, OK, USA). Fetal bovine serum (FBS) was
purchased from Equitech-Bio Inc. (Kerrville, TX, USA). The Adipogenesis Assay kit was

purchased from Cayman Chemical Company (Ann Arbor, MI, USA, catalog No. 10006908).
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6.3.7.2 Cell Culture

The cell line used in these series of experiments was 3T3-L1 cells (pre-adipocyte
fibroblasts) purchased from American Type Culture Collection (ATCC, Manassas, VA, USA).
Medium preparation and other cell culture work were performed in a laminar flow hood. The
blower and UV light in the hood were turned on 15 - 20 minutes before each use. The
working surface was sterilized with 75% ethanol before and after each use. 3T3-L1 cells were
maintained in 12.0 — 15.0 ml DMEM medium and supplemented with 10% heat-inactivated
FBS, and penicillin-streptomycin (10.0 mg/1). 3T3-L1 cells were placed in 75 cm? tissue cell
culture flasks (15 cm x 8.5 cm x 3.5 cm, TPP, Switzerland), and incubated at 37°C in a 5%
CO, atmosphere using a Forma Scientific CO, water jacketed incubator from Thermo

Scientific (Waltham, MA, USA).

6.3.7.3 Cell Subculture and Cell Number

Thirty minutes prior to subculturing cell lines, medium, PBS, and a trypsin-EDTA
solution were placed in a 37°C water bath. The trypsin-EDTA solution was comprised of
0.5% trypsin and 0.2% EDTA/0.9% NacCl diluted in PBS to prepare a 10% working solution.
Next, the cell flask was removed from the 5% CO, incubator and cells were observed under
the light microscope to determine the percent confluency and their general health. A
percentage of confluency < 50% was desired to prevent differentiation; after confluency was
determined, medium was aspirated and the cells were washed with 5.0 ml PBS. After a gentle
wash, PBS was aspirated and 2.0 ml of the trypsin-EDTA working solution was added; then
the flask was placed in the 5% CO, incubator for 2 — 4 minutes. The flask was then removed

from the incubator and when cell detachment was confirmed with the light microscope,
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trypsin-EDTA detached cells were transferred to a 15 ml conical tube containing 8.0 ml PBS.
The conical tube was centrifuged at 700 r.p.m. for 5 minutes. Following centrifugation, the
conical tube was removed and the supernatant was aspirated, leaving the cell pellet
undisturbed. Resuspension of cells was attained by adding 5.0 ml of fresh medium followed
by careful pipetting for 3 minutes; 10.0 pl of resuspended cells was removed and diluted 4
times in trypan blue. The trypan blue solution was added to a Hausser BRIGHT-LINE
counting chamber (1.0 mm deep) from Optic Planet, Inc. (Northbrook, IL, USA) where the
number of live cells was verified, and the number of dead cells was recorded. If it was
determined that the number of dead cells surpassed the 10% of the total population of healthy
cells, the cells were excluded from future experiments and a new generation of the cell line
was thawed.

The total number of cells in the flask was determined using the following equation:

Cells/ml = (# cells/4) x (dilution) x (1 x 10°)
Media containing cells and fresh media were added in determined volumes to a fresh 75 cm’
flask depending on the observed cell number attained with the previous equation, and the
desired cell seeding number. The flask was then placed into the 5% CO, incubator at 37°C.
Cell subculture was performed 2-3 times per week depending on the growth rate and the
observed confluency.

The optimal cell seeding numbers was determined by preliminary cell seeding number
experiments. Cells were seeded in number 1 x 104, 2 x 104, 3 x 10" and so on until a final
seeding number of 5 x 10* per well in a 96-well plate (Costar 3595, Costar Corp., Cambridge,
MA, USA) was attained. The 96-well plates were incubated in a 5% CO, atmosphere for 72

hours. After incubation, medium was aspirated and 20 pl of 10% Alamar blue (resazurin)
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fluorescent dye solution was added to the cells. The 96-well plates were incubated at 37°C in
5% CO, atmosphere for 3 hours, then removed from the incubator and placed at room
temperature in a drawer to protect them from light for 30 minutes. Next, the 96-well plates
were placed into a Synergynt multi-well plate reader (Biotek® Instruments Inc., Winnoski, VT,
USA) using Gen 5 software from Biotek®. Fluorescence was read at 492 nm. Standard curves
of cell seeding number and fluorescence were generated. The optimal cell seeding number for
3T3-L1 cells was chosen form the linear portion of the generated curve. This cell line was

seeded at a density of 3.0 x 10* cells per well.

6.3.7.4 Adipogenesis Model

The employed adipogenesis model uses 3T3-L1 cells (pre-adipocyte fibroblasts) to
study the induction and inhibition of adipogenesis. On the day of the experiment,
homoeriodicytol, S(-)-homoeriodicytol, isosakuranetin, poncirin, didymin, taxifolin, astilbin,
and (2R3R)-(+)-taxifolin were dissolved in DMSO to yield concentrations of 1.0, 10.0, 50.0,
and 100.0 pg/ml per enantiomer. Three kinds of media were prepared: (1) regular DMEM
medium with 10% FBS for controls; (2) induction medium containing insulin, 3-isobutyl-1-
methylxanthine (IBMX) and dexamethasone; and (3) insulin medium containing insulin.
Compounds at different concentrations were diluted in induction and insulin media (treatment
groups). 3T3-L1 cells were seeded on 96-well plates (3 x 10* cells/well) and allowed to reach
confluency. Two days post-confluency, induction medium was used to replace regular
DMEM medium in the treatment groups to promote differentiation, whereas control groups
received fresh regular DMEM medium (induction day). Three days after the induction, insulin

medium was used to replace the induction medium in the treatment group in order to promote
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further differentiation; control groups received fresh regular DMEM medium. Insulin medium
was replaced once at day 5 after the induction. When 80% of the cells achieved differentiation,
the lipid accumulation within cells was assessed using the Adipogenesis Assay kit purchased
from Cayman Chemical Company (Ann Arbor, MI, USA, catalog No. 10006908). The
fixative, wash buffer and Oil Red O were prepared on the day of the experiment following the
manufacturer’s instructions. The assay uses Oil Red O as an indicator of the degree of
adipogenesis. The Oil Red O extracted from cells was measured spectrophotmetrically at 492
nm using a Synergynt multi-well plate reader (Biotek® Instruments Inc., Winnoski, VT, USA)
using Gen 5 software from Biotek®. The anti-adipogenic activity of the compounds was

compared to the percentage of Oil Red O Stain Material (OROSM).

6.3.7.5 Description of the Anti-adipogenic Assay

The Adipogenesis Assay kit uses a well characterized cell line often used to study the
differentiation of adipocytes. 3T3-L1 cells have been used to investigate insulin-induced
glucose uptake and mechanisms of obesity development. The fibroblast-like pre-adipocytes
undergo a series of morphological and biochemical changes, accumulating lipid droplets
during terminal differentiation. For more details see the manufacturer’s instruction manual.
The anti-adipogenic activity expressed as oil red O stained material (OROSM) for (+/-)-
homoeriodicytol, S(-)-homoeriodicytol, (+/-)-isosakuranetin, poncirin, didymin, (+/-)-taxifolin,

astilbin, and (2R3R)-(+)-taxifolin was measured and the ICsy values were calculated.
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6.3.7.6 Statistical Analysis

Compiled data were present as mean and standard error of the mean (mean + S.E.M.).
General Linear Model (GLM) Analysis of Variance (ANOVA) with Newman-Keuls multiple
comparison test was utilized with a p-value < 0.05 being statistically significant (NCSS

Statistical and Power Analysis, Kaysville, UT).

6.4 RESULTS AND DISCUSSION

In vitro studies of the pharmacological activity of the stereoisomers of
homoeriodictyol (R(+) and S(-)), isosakuranetin (2S and 2R), and taxifolin ((2S3R)-(+),
(2S3S)-(-), (2R3R)-(+), and (2R3S)-(+)) are necessary because as demonstrated by the results
obtained in the pharmacokinetic studies, the differences in the stereochemistry of these
compounds can impact their disposition, metabolism, and elimination by the body, and it is
also likely that enantiomers produce different pharmacological effects in biological systems
depending on their stereochemical configuration.

Due to the prohibitive costs of commercially available flavonoids, in vitro studies can
be of significant utility in exploratory pharmacology for the screening of the pharmacological
activity of these compounds; if the desired pharmacological effect is obtained with either
stereoisomer, more in-depth studies can be performed with the active stereoisomers in the
future. It has been previously reported that for some racemic xenobiotics, a detrimental effect
is apparent when given as a mixture while the pure stereoisomer may produce a desired effect,
i.e. the theratogenic effect of thalidomide results from DNA intercalation of the S-enantiomer
in the racemate, but R-thalidomide does not produce such an effect [164].

However, some chiral drugs like ibuprofen that have a carbon chiral center, are

marketed as the racemic mixture because of the expense and futility of making the pure active
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S-enantiomeric compound. Furthermore, some studies have demonstrated that an isomerase
converts R-ibuprofen into the active S-enantiomer, making the production of pure S-
ibuprofen, which is costly, unnecessary [165].

Therefore, in vitro studies of each stereoisomer of homoeriodictyol, isosakuranetin,
and taxifolin are needed. Although the isolation of stereoisomers is possible with the validated
HPLC methods described in Chapters II — IV, the cost of the starting racemic compounds is
often a limiting factor to extensive studies in an academic laboratory. Prices range from $7 to
$30 per milligram, and so the number of assays that can be performed is limited due to
financial constraints. In addition, it is a time consuming process, taking between two to six
weeks to collect the amount of individual enantiomers necessary for one single assay.
Consequently, as many assays were performed with pure compounds as possible within the
inherent time and cost constraints. In addition, for the stereoisomers that are commercially
available, issues with stereochemical purity must be taken into consideration. The importance
of characterizing the purity of commercially available isomers has been previously reported
for other compounds such as dihydroouabain [166]. Therefore, it is important to consider the
commercial sources of the pure stereoisomers to ensure the purity of these compounds.
Finally, the stability of the compounds needs to be taken into consideration. Taxifolin and
homoeriodictyol have been reported to undergo isomerisation [123] or racemization (Chapter
IT), respectively; which makes the production of pure stereoisomers testable in biological

systems exceedingly difficult.
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6.4.1 In vitro Anti-Cancer Activity

The Alamar blue (resazurin) fluorescent cell viability measurement is an easy and
accurate assay to determine the cytotoxicity of many cell lines. Viable cells are capable of
metabolizing the non-fluorescent dye resazurin into its fluorescent counterpart, resorufin; on
the other hand, metabolism of resazurin in non-viable cells is not achieved. The fluorescence
emission can be quantified using a plate reader and the number of viable cells after treatment

can be determined.

6.4.1.1 Homoeriodictyol

The cytotoxic effects of homoeriodicytol on different cancer cell lines are presented in
Fig. 6.1. It can be observed that (+/-)-homoeriodicytol and S(-)-homoeriodicytol showed
concentration-dependent anti-cancer activity, and racemic homoeriodicytol was most effective
in A-375 melanoma cells, whereas, S(-)-homoeriodicytol was most effective in HCT-116

colon cancer cells.

(+/-)- Homoeriodictyol S(-)-Homoeriodictyol
120 1 120 1

Viable cells (% of control)
Viable cells (% of control)

A-375 (Melanoma) 40 1| ——e——  A-375 (Melanoma)

................ HCT-116 (Colon) ceceiaeees HCT-116 (Colon)

———%-—— Hep-G2 (Liver) ——-—%——  Hep-G2 (Liver)
20| ——m-—- MDA-MB-231 (Breast) 20 {| —-—=-—-  MDA-MB-231 (Breast)

— —h — - PC3 (Prostate) — —A — - PC3 (Prostate)

—-—@— —  SK-BR-3 (Breast) —-—@—-—  SK-BR-3 (Breast)
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Concentration (ug/ml) (1) Concentration (ug/ml) (2)

Figure 6.1. Effects of racemic homoeriodicytol (1) and S-(+)-homoeridictyol (2) on the
viability of different cancer cell lines (means = S.E.M.).
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The ICsy values of (+/-)-homoeriodicytol and S(-)-homoeriodicytol are summarized in
Table 6.1. (4+/-)-Homoeriodictyol was most effective in reducing the number of viable cancer
cells in the A-375 melanoma cell line (ICsp = 56.62 + 3.95 ug/ml) and least effective in Sk-
Br-3 breast cancer cells (ICsp = 305.20 = 45.78 ug/ml). On the other hand, S(-)-
homoeriodicytol was most effective in HCT-116 colon cancer cells (ICsp = 39.50 + 5.92

ug/ml), and least effective in the Sk-Br-3 breast cell line (ICso = 282.38 + 42.36 pg/ml).

If the S(-) and R(+) enantiomers of homoeriodicytol were equally active in cancer cell
growth inhibition, the ICsy values of S(-)-homoeriodicytol would be expected to be half of the
ICsp values obtained for (+/-)-homoeriodicytol, the racemic (50:50) mixture of the S(-) and
R(+) forms. Some chiral compounds that show similarity in their chemical structures have
been reported to have an additive effect when administered together [167]. An additive effect
means that the resulting effect is the sum of the individual effects, i.e. the effect of toluene

(C7Hg) and p-xylene (CsHjp) in the central nervous system (CNS) [167].

Table 6.1. ICsy values in pug/ml (mM) of (+/-)-homoeriodicytol and S(-)-homoeriodicytol
across different cancer cell lines (n = 3, mean, S.E.M.). a, P < 0.05, racemate vs. enantiomer.

Compound (TCs)
Cancer cell line (+/-)-Homo eriodic tyol S(-)>-Homoeriodictyol
A-375 (mdanoma) 5662 +3595 2967 681
(187.32 £13.06) (19739 4+ 22.52)
HCT-116 {colon) 11720+ 17.58° 3950 £ 592
(38771 £58.16) (12067 £ 192,607
Hep-32 (liver) 9096 £13.64 Tz +11.61
(300,91 £45.14 (256 04 £ 38.41)
MDA-ME-231 (br east) 8l48+1222 108 67 £ 16.30
(268 5 £4043 (359 5245393}

PC-3 (prostate)

8l-Br-3 (breast)

107.90 16 18
(356.95 + 53.54)
305.20 £4578

(1009 68 £151.45)

77.25 £11.59
(255 57 + 38.33)
282 38 + 42 36
(93417 £ 140.13)
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However, the results obtained in A-375 melanoma, Hep-G2 liver cancer, MDA-MB-
231 breast cancer, PC-3 prostate cancer, and SK-Br-3 breast cancer indicate that S(-)-
homoeriodicytol and R(+)-homoeriodicytol do not have the same activity in cell growth
inhibition since the 1Csy values for S(-)-homoeriodicytol are comparable to the ICs, values for
the racemic mixture, (+/-)-homoeriodicytol and not half of the values as proposed for an
additive effect model. Only in one cell line (HCT-116 colon carcinoma) the effect of S(-)-
homoeriodicytol in inhibiting cell growth is three-fold lower than the effect of (+/-)-
homoeriodicytol and less than the expected for an additive effect model.

Therefore, these results may suggest that S(-)-homoeriodicytol and R(+)-
homoeriodicytol may cause their effect on cell growth inhibition independently and
differentially interacting with cell receptors [167]. The effect of S(-)-homoeriodicytol in cell
growth inhibition could also suggest that R(+)-homoeriodicytol has a potentiating effect in the
activity of S(-)-homoeriodicytol in A-375 melanoma, and MDA-MB-231 breast cancer cell
lines [167]. This would mean that R(+)-homoeriodicytol by itself does not have a toxic effect
in cancer cells, but when combined with S(-)-homoeriodicytol, the R(+)-isomer enhances the
effect of S(-)-homoeriodicytol in cell growth inhibition. This type of effect has been described
for other xenobiotics, i.e. 2-propanol and carbon tetrachloride. 2-propanol by itself does not
present liver toxicity; however, when administered with carbon tetrachloride, 2-propanol
induces enzymes that enhance the formation of toxic carbon tetrachloride metabolites [167].

A synergistic effect may also explain the results seen in the MDA-MB-231 breast
cancer cell line. In this case, the effect seen for the two enantiomers in the racemic mixture

(81.48 + 12.22 pg/ml) is much higher than the effect seen for S(-)-homoeriodicytol alone
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(108.67 £ 16.50 pg/ml). It is also higher than the predicted in an additive effect model (half of
(+/-)-homoeriodicytol, ~40.74 pg/ml). An antagonistic effect model may explain the effects
seen in HCT-116 colon cancer, Hep-G2 liver cancer, PC-3 prostate cancer, and SK-Br-3
breast cancer. The effect of S(-)-homoeriodicytol in inhibiting cancer cell growth is greater
(lower ICsp) than the effect seen for the racemic mixture.

Therefore, testing the effect of R(+)-homoeriodicytol would be necessary to clearly
understand the role of each enantiomer in cancer cell growth inhibition. However, issues with
possible instability of (+/-)-homoeriodicytol racemization need to be resolved before these
type of investigations are experimentally possible.

The HPLC method developed in Chapter II would allow for the isolation of R(+)-
homoeriodicytol from (+/-)-homoeriodicytol; however, the cost of this compound, which can
run as high as $15 per milligram, may be a limiting factor. Nevertheless, it was demonstrated
that for most cancer cell lines, S(-)-homoeriodicytol shows similar effects in cancer cell
growth inhibition to the effects seen for (+/-)-homoeriodicytol. In order to elucidate the
mechanism of action of S(-)-homoeriodicytol and R(+)-homoeriodicytol in cancer cell growth
inhibition, the direct anti-cancer activity of R(+)-homoeriodicytol needs to be assessed.

Previous studies have demonstrated the anti-cancer activity of homoeriodicytol.
Nevertheless, these studies only considered the activity of the racemic mixture; no
stereospecific studies of R(+)-homoeriodicytol and S(-)-homoeriodicytol are available in the
literature. These findings suggest that R(+)- and S(-)-homoeriodicytol have different activity
in cancer cell growth in all cell lines studied, and therefore, further studies are necessary to

elucidate the activity of R(+)-homoeriodicytol in cancer.
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64.1.2 Isosakuranetin

The cytotoxic effects of isosakuranetin on different cancer cell lines are presented in
Fig. 6.2. It can be observed that isosakuranetin presents a concentration-dependent anticancer
activity, and that racemic isosakuranetin was very effective in Hep-G2 liver cancer cells.
Therefore, the effect of the individual stereoisomers of isosakuranetin was tested in Hep-G2
(Fig. 6.2.2). 2S-isosakuranetin and 2R-isosakuranetin have similar effect on the inhibition of
Hep-G2 liver cancer cells. Nevertheless, when both 2R- and 2S-isosakuranetin are present in
the racemic mixture, a synergistic effect is evident. The effect seen in Hep-G2 liver cancer
cells did not correspond to an additive effect model. (+/-)-Isosakuranetin was far more
effective in reducing cancer cell growth than the 2S or 2R enantiomers administered alone.
Due to the limited amount of pure stereoisomers isolated, only one cell line has been tested.
These results suggest that 2S-isosakuranetin and 2R-isosakuranetin are likely to have different

effects in cancer cell growth in other cell lines; however, this hypothesis remains to be

explored.
(+/-)-Isosakuranetin
120 - 100 -
T —&—— A-375(Melanoma) T
100 & cieiereene HCT-116 (Colon) 80+ [
k‘c ———%-—— Hep-G2 (Liver) -
L —-—m-—:  MDA-MB-231 (Breast) T T T TR -
— —A — - PC3(Prostate) 66 T = :i

40 4

20 A

Viable cells (% of control)
Viable Cells (% of Control)

—8——  (+/-)-Isosakuranetin
od|——— 2S-Isosakuranetin
— —v— —  2R-Isosakuranetin

1 10 100
Concentration (ug/ml) (1) Concentration (ug/ml) (2)

Figure 6.2. Effects of (+/-)-isosakuranetin in the viability of different cancer cell lines (1) and
comparison of the effect of (+/-)-isosakuranetin, 2S-isosakuranetin, and 2R-isosakuranetin in
Hep-G2 liver cancer cells (means + S.E.M.).
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Table 6.2 summarizes the ICsy values of (+/-)-isosakuranetin in the five cancer cell
lines studied. (+/-)-Isosakuranetin was most effective in the inhibition of cancer cell growth in
HCT-116 colon cancer cells (ICsp = 5.98 + 0.90 ug/ml), and least effective in reducing the
number of cancer cells in the PC-3 prostate cancer cell line (ICsp = 21.68 + 3.25 ug/ml).
Overall, (+/-)-isosakuranetin was the most effective of all the flavonoids studied since lower
ICs values compared to (+/-)-homoeriodicytol, S(-)-homoeriodicytol, (+/-)-taxifolin, astilbin,

and (2R3R)-(+)-taxifolin were obtained for (+/-)-isosakuranetin in all cancer cell lines tested.

Table 6.2. ICsy values in pg/ml (mM) of (+/-)-isosakuranetin, 2S-isosakuranetin, and 2R-
1sosakuranetin across different cancer cell lines (n = 3, mean, S.E.M.); n.d.; not determined. a,
P < 0.05, racemate vs. enantiomer; b, P < 0.05, 2S vs. 2R.

Compound T
Cancer cell line (+-)-Isosakur anetin 25-Isosakuranetin 2H-Isosakuranetin
A-375 (mdanoma) 7R E£1.47 n.d n.d
(34 15 £ 4 86)
HCT-116 (colon) 598+050 n.d n.d
(20 B2+ 287
Hep-52 (liver) 663x072% 5.09EH) 8 + 4. 65E+0E" 247EHIE £ 1. 23E+06
(2332+£ 330 (1 7EE+02 £ 1 62EH)T) (B 63EH)E x4 20EHIE)
MDA-MBE-231 (br east) 2007 +£301 n.d nd
(7011 £ 996
PC-3 (prostate) 21683325 n.d nd
(757321078

6.4.1.3 Taxifolin

The cytotoxic effects of taxifolin on different cancer cell lines are presented in Fig. 6.3.
It can be observed that (2R3R)-(+)-taxifolin and astilbin, the rhamnoside of (2R3R)-(+)-
taxifolin, were most effective in MDA-MB-231 breast cancer cells, whereas (+/-)-taxifolin

was most effective in HCT-116 colon cancer cells.
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racemic taxifolin (1), (2R3R)-(+)-taxifolin (2) and (3) astilbin — a

rhamnoside of taxifolin — on the viability of different cancer cell lines (means + S.E.M.).

It is apparent from the experimental results that at higher concentrations (100 — 250.0

ug/ml) the inhibitory effect of (2R3R)-(+)-taxifolin (XLogP = 1.5), (+/-)-taxifolin (XLogP =

1.5), and astilbin (XLogP = 0.4) on cell growth is not as effective in some of the cancer cell

lines studied. This might be explained by further understanding the solubility of these

compounds. It is plausible that at high concentrations these compounds come out of solution

due to their lipophilic nature and poor water solubility. In this case, the actual concentration of

the compound remaining in solution and interacting with the cancer cells may vary

considerably. Interestingly, in the case of astilbin (a more polar glycoside flavonoid), high

concentrations may actually have a protective effect in PC-3 cells.
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The ICsg values of (+/-)-taxifolin, (2R3R)-(+)-taxifolin, and astilbin are summarized in
Table 6.3. (+/-)-Taxifolin was most effective in reducing the number of cancer cells in HCT-
116 colon cancer cells (ICsp = 346.18 + 51.93 pg/ml), and least effective in A-375 melanoma
cells (ICso = 594.56 + 89.18 pg/ml). Both (2R3R)-(+)-taxifolin (ICso = 237.52 + 35.63 pug/ml)
and astilbin (ICso = 143.18 + 21.48 pg/ml) were most effective in the inhibition of cancer cells
in the MDA-MB-231 breast cancer cell line; however, (2R3R)-(+)-taxifolin was least
effective in PC-3 prostate cancer cells (ICsp = 1254.93 + 188.24 ug/ml), whereas its
rhamnoside, astilbin, was least effective in reducing the number of cancer cells in the HCT-
116 colon cell line (ICsp = 346.18 £ 51.93 ug/ml). Overall, (+/-)-taxifolin, (2R3R)-(+)-
taxifolin, and astilbin performed poorly in inhibiting cell growth in cancer cell lines. The
aglycone form of (2R3R)-(+)-taxifolin was more effective that the rhamnoside in HCT-116
colon cancer and Hep-G2 liver cancer cells which suggests that the sugar moiety partially
hinders the pharmacological activity of the enantiomer in these cell lines. On the other hand,
astilbin was more effective than the aglycone form in A-375 melanoma, MDA-MB-231 breast
cancer, and PC-3 prostate cancer. This might be due to the more hydrophilic nature of the
rhamnoside form of (2R3R)-(+)-taxifolin; and greater availability and cellular penetration.
Table 6.3. 1Cs, values in pg/ml (mM) of (+/-)-taxifolin, (2R3R)-(+)-taxifolin, and astilbin — a

rhamnoside of taxifolin — across different cancer cell lines (n = 3, mean, S.E.M.). a, P < 0.05,
racemate vs. enantiomer; b, P < 0.05 aglycone vs. glycoside.

Compoutd (1050
Cancer cell line (+/-)-Taxifolin 2 R3R) (+)-T axifolin Asgtilhin
A-375 (mdanoma) 584,56 £89.18 106925 + 160 394F 23342 +£3313
(185417 £253.13) (3514.37 £ 52716 (51826 i?3'55{
HT-116 (colon) 346 18 £51.93 4661 £ 66,93 98447 + 147 67
(113780 £ 170673 (1467 88 £ 220183 (218580 £327 8N
Hep-G2 (liver) 50500 £7575 S04.90£7473 83435 +£6518
(1655 81 £ 248 57 (1652 48 2248 223 (185250 £ 153 538)
MDA-MB-231 (hr east) 4321.50 £64.73% 23752+ 3563" 14318 +£21.48
(1418 24 £212 74 (72065 11710 (31781 24769
PC-3 (prostate) 504,99 £7573 1254 93 +£188.24*P S04.89 £7575
(165577 £ 248 57 412465 £ 61870 (1121.23 £ 168 18)
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(+/-)-Taxifolin is composed of four stereoisomers, therefore, predictions of their
individual effects in cancer cell growth are much more complex than in the case of (+/-)-
homoeriodicytol and (+/-)-isosakuranetin, as these two flavonoids only have two
stereoisomers. The results suggest that enantiomeric synergism may be observed in A-375
melanoma, HCT-116 colon cancer, and PC-3 prostate cancer treated with (+/-)-taxifolin. The
effects seen in these cell lines are higher (lower ICsp) than the effect of (2R3R)-(+)-taxifolin
alone. On the other hand, in Hep-G2 liver cancer the effects of (2R3R)-(+)-taxifolin and (+/-)-
taxifolin are comparable, in which case a plausible hypothesis is that other three stereoisomers,
(2S3R)-(+), (2S35)-(-), and (2R3R)-(+), may be inactive in this cancer cell line. In MDA-
MB-231 breast cancer it appears that (2S3R)-(+)-, (2S35)-(-)-, and (2R3R)-(+)-taxifolin may
have an antagonistic effect on the cell growth inhibitory activity of (2R3R)-(+)-taxifolin.

Unlike (+/-)-homoeriodicytol, in which the racemic mixture of the R(+) and S(-)
enantiomers is close to 50:50, the commercially available racemic mixture of taxifolin
consists of four stereoisomers in the following percentages: (2S3R)-(+)-taxifolin and (2R3S)-
(-)-taxifolin each represents approximately 3% of the racemic mixture, whereas (2S3S)-(-)-
taxifolin and (2R3R)-(+)-taxifolin each corresponds to approximately 47% of the racemic
mixture.

Even though the separation of each stereoisomer is accomplished with the
stereospecific HPLC method described in Chapter 1V, the isolation of all four stereoisomers is
extremely time consuming and the low percentage of two of the four stereoisomers in the
racemic mixture is a limiting factor for preparative isolation. Likewise, the high cost of this
compound, as much as $7 per milligram, also limited the number of assays performed with

the taxifolin pure stereoisomers.
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Previous studies have demonstrated the anti-cancer activity of taxifolin. However,
these studies took in consideration the racemic form but not the stereoisomers. These findings
suggest that stereoisomers of (+/-)-taxifolin may have different effects in cancer cell growth
inhibition. Further studies are necessary to elucidate the effect of taxifolin stereochemistry in
in vitro cancer model.

In summary, homoeriodicytol, isosakuranetin, and taxifolin demonstrated
concentration-dependent  anti-cancer activity. The evaluated stereoisomers (S(-)-
homoeriodicytol, 2S-isosakuranetin, 2R-isosakuranetin, and (2R3R)-(+)-taxifolin) suggest
that each stereoisomer contributed differently to the anti-cancer effect seen in the racemic

mixtures.

6.4.2 In vitro Anti-inflammatory Activity

Prostaglandin E, (PGE,) results from the metabolism of arachidonic acid in several
cell types, and does not exist preformed in any cell reservoir. In the assay used, intracellular
PGE; is released after cell membrane hydrolysis or dissociation from receptors and proteins.
Then, unlabelled PGE, from the samples and the HRP-PGE, conjugate compete for the
binding sites on the lyophilized PGE, antibody attached to the goat anti-mouse IgG coating
the wells in the plate. Finally, the reaction is stopped and spectrometric measurement of PGE;
content is performed.

Prostaglandins (PG) are 20 carbon fatty acid derivatives, found in all tissues and
organs. PGs can be synthesized from several essential fatty acid precursors including

arachidonic acid. Phospholipids in the cellular membrane are converted into arachidonic acid
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released to the cytoplasm by phospholipase A; (PLA;); PGs derived from arachidonic acid are
named series-2 PGs including PGE,, PGD,, PGI,, PGF,, and TXA, [163].

TNF-a has been reported to induce inflammation in HT-29 colon adenocarcinoma
cells in vitro and in vivo [168]; it was therefore used to stimulate PGE; cell production. TNF-
a is a potent immuno-modulator and its excessive production has been associated with

inflammatory bowel disease and colitis.

6.4.2.1 Homoeriodictyol

HT-29 cells treated with and without TNF-a and with the respective homoeriodicytol
treatment showed concentration-dependent anti-inflammatory activity (Fig. 6.4 and Table
6.4) by reducing the PGE, content. Homoeriodictyol appears to have a protective effect in
HT-29 colon adenocarcinoma cells since the detected level of PGE, decreased in relation to

homoeriodicytol concentration whether TNF- a was present or not.
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Figure 6.4. Prostaglandin E, (PGE,) production (n = 3, mean + S.E.M.) in the HT-29 cell
culture medium at 72 hours after treatment with homoeriodicytol (1.0 — 250.0 pg/ml). Values
are expressed as ng/ml. The line represents the baseline level in which HT-29 cells have not
been exposed to an inflammatory insult.



146

Previous studies have demonstrated the anti-inflammatory activity of homoeriodicytol;
however, no stereospecific studies have been reported in the literature. This is the first time
the effect of homoeriodicytol in PGE, levels in HT-29 colon adenocarcinoma cells in vitro is
evaluated. It would be important, nevertheless, to study the anti-inflammatory activity of the
enantiomers of homoeriodicytol to understand their individual role in PGE, reduction. The
expense of commercially available pure stereoisomers is a limiting factor, and even though
the pure stereoisomers could be isolated form (+/-)-homoeriodicytol using the validated
HPLC method described in Chapter II, this is a time consuming process that requires high
quantities of the racemic compound.

These findings suggest that homoeriodicytol may have a protective effect in the GI
tract since the enantiomers are mostly excreted via non-renal routes (Chapter V), which
translates into high concentrations of homoeriodicytol in the GI tract. Therefore,
homoeriodicytol may be used in pathologies of the GI tract such as colitis and inflammatory
bowel disease, and consumption of products with high homoeriodicytol content may have a

protective effect in gastrointestinal pathologies.

6.4.2.2 Taxifolin

HT-29 cells treated with and without TNF-o and with the respective taxifolin
treatment show concentration-dependent anti-inflammatory activity (Fig. 6.5) due to the
reduction of PGE, levels. Taxifolin, like homoeriodicytol, appears to have a protective effect

due to its effect in the concentration of PGE; in the presence or absence of TNF- a.
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Figure 6.5. Prostaglandin E, (PGE,) production (n = 3, mean + S.E.M.) in the HT-29 cell
culture medium at 72 hours after treatment with taxifolin (1.0 — 100.0 pg/ml). Values are
expressed as ng/ml. The line represents the baseline level in which HT-29 cells have not been
exposed to an inflammatory insult.

Previous studies have reported the anti-inflammatory activity of (+/-)-taxifolin;
however, the stereochemistry of taxifolin has not been considered. This is the first time the
effect of taxifolin in PGE, levels in a colitis in vitro model is studied. Even though the
validated HPLC method for taxifolin (Chapter IV) allows for the isolation of the pure
stereoisomers, considerable expense and time consuming preparative methods and

isomerization are limiting factors.

Table 6.4 summarizes the 1Csy values for (+/-)-homoeriodicytol and (+/-)-taxifolin for
PGE, reduction. (+/-)-Homoeriodictyol exhibited a lower ICsy value than (+/-)-taxifolin;

however, the difference was not significant.
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Table 6.4. ICs, values in pg/ml (mM) for (+/-)-homoeriodicytol and (+/-)-taxifolin for PGE,
reduction (n = 3, mean + S.E.M).

Compound ICs0

(+~»Homoeriodictyol 14332+ 21.50
47414+ 71.12)

(+) Taxifolin 160.05 + 24.01
(526.03 + 78.90)

This is the first time that (+/-)-homoeriodicytol and (+/-)-taxifolin are evaluated for
their effect in a colitis in vitro model in HT-29 colon adenocarcinoma cells. (+/-)-
Homoeriodictyol and (+/-)-taxifolin demonstrated concentration-dependent reduction of PGE,
levels in HT-29 cells. Further follow-up studies are necessary with the pure stereoisomers of
homoeriodicytol and taxifolin to elucidate their potential differences in anti-inflammatory
activity in colitis.

These findings suggest that like homoeriodicytol, taxifolin may also have a protective
effect in the GI tract since it is mostly excreted via non-renal routes (Chapter V). Therefore,
taxifolin may also be potentially used in pathologies of the GI tract such as colitis and
inflammatory bowel disease. Consumption of products with high taxifolin content may have a

protective effect in diseases of the gastrointestinal tract.

6.4.3 In vitro Cyclooxygenases Activity

Cyclooxygenases (COXs) contain cyclooxygenase and peroxidase activities. PGs can
be synthesized from several essential fatty acid precursors including arachidonic acid. COXs
activity will result in the production of PGG, and PGH, which are unstable endoperoxide
intermediates [163]. COX catalyzes the conversion of arachidonic acid to PGH,, the first step

in the biosynthesis of prostaglandins (PGs), thromboxanes, and prostacyclins. Two distinct
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isoforms of COX are known: COX-1, which is constitutively expressed in a variety of cell
types and is involved in normal cellular homeostasis; and COX-2, which production is
induced by mitogenic stimuli and is responsible for the biosynthesis of PGs under acute
inflammatory conditions. Cyclooxygenases have been involved in gastric and colorectal
carcinogenesis; and in particular, COX-2 polymorphisms were demonstrated to be present in
patients with gastric or colorectal lesions [169].

The inhibitory effect of (+/-)-isosakuranetin, 2S-isosakuranetin, 2R-isosakuranetin,
and (+/-)-taxifolin in COX-1 and COX-2 activity was assessed. Ibuprofen was used as a
positive control for the COX-1 assay due to its inhibitory activity towards both COX-1 and
COX-2. For the COX-2 assay, ibuprofen and etodolac were employed as positive controls

since etodolac is suggested to be a more selective COX-2 inhibitor.

6.4.3.1 Isosakuranetin

Racemic isosakuranetin and its enantiomers, 2R-isosakuranetin, and 2S-isosakuranetin,
were assessed for their COX-1 and COX-2 inhibitory activity using a commercially available
ELISA assay. The inhibitory effect of (4/-)-isosakuranetin, 2R-isosakuranetin and 2S-
isosakuranetin in COX-1 activity is presented in Fig. 6.6; the ICs, values were also calculated
(Table 6.5). 2R-Isosakuranetin and 2S-isosakuranetin had similar COX-1 inhibitory activity,
but were not as active as (+/-)-ibuprofen (higher ICsp). On the other hand, the racemic mixture,
(+/-)-isosakuranetin, is far less effective than 2R- and 2S-isosakuranetin alone. These results
suggest an antagonistic effect in COX-1 inhibition when 2R-isosakuranetin and 2S-
isosakuranetin are administered together, opposite to the findings of racemic, 2R and 2S

isosakuranetin in HepG-2 liver cancer.
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Figure 6.6. Cyclooxygenase-1 (COX-1) activity after addition of racemic isosakuranetin, 2R-

isosakuranetin, 2S-isosakuranetin and ibuprofen (positive control) at concentrations 1.0 —
250.0 pg/ml (n = 3, mean + S.E.M). Values are expressed as percentage (%).

The COX-2 inhibitory activity of (+/-)-isosakuranetin, 2S-isosakuranetin, and 2R-
isosakuranetin was also evaluated (Fig. 6.7 and Table 6.6) and was demonstrated to be
concentration-dependent for the three compounds. 2R-Isosakuranetin was more effective in
inhibiting the activity of COX-2 than 2S-enantiomer. When both 2R and 2S enantiomers are
present in the racemic mixture, an antagonistic effect was evident. Nevertheless, neither one
of the enantiomers nor the racemic mixture of isosakuranetin were as effective as (+/-)-
ibuprofen or (+/-)-etodolac in inhibiting COX-2 activity.

Poncirin (2S-isosakuranetin neohesperidoside) has been previously reported to have
anti-inflammatory activity by inhibiting COX-2 expression [53]. However, the COX-2
inhibitory effect of the aglycone forms has not been previously evaluated. This is the first
time the COX-2 inhibitory effects of the racemic mixture and the enantiomeric forms of

1sosakuranetin are evaluated.
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Figure 6.7. Cyclooxygenase-2 (COX-2) activity after addition of racemic isosakuranetin, 2R-
isosakuranetin, 2S-isosakuranetin, ibuprofen, and etodolac (positive controls) at

concentrations 1.0 — 250.0 ug/ml (n = 3, mean + S.E.M.). Values are expressed as percentage
(%).

Furthermore, the COX-2 to COX-1 ratio was calculated to assess the preferential
inhibitory activity for either one of the COX isoforms (Fig. 6.8). The lower the ratio, the
lower the COX-1 inhibitory effect; and therefore, potentially lower the gastric side effect
profile. (+/-)-Etodolac exhibited more selective COX-2 inhibition whereas (+/-)-ibuprofen
exhibited essentially equal inhibition of both COX-1 and COX-2. (+/-)-Isosakuranetin, 2S-
isosakuranetin, and 2R-isosakuranetin showed selective COX-2 inhibition comparable to

(+/-)-etodolac.
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Figure 6.8. Cyclooxygenase-2 (COX-2) to cyclooxygenase-1 (COX-1) ratio of racemic
isosakuranetin, ibuprofen, and etodolac as positive controls at concentrations 1.0 — 250.0
ug/ml (n = 3, mean + S.E.M.). Values are expressed as percentage (%). The line represents a
ratio of 1 that would indicate equal inhibitory activity for both COX isomers.

6.4.3.2 Taxifolin

Racemic taxifolin was assessed for its COX-1 and COX-2 inhibitory activity using a
commercially available ELISA assay. The inhibitory effect of (+/-)-taxifolin in COX-1
activity is presented in Fig. 6.9. (+/-)-Taxifolin demonstrated less COX-1 inhibitory activity
than (+/-)-ibuprofen (Table 6.5). This is the first time the COX-1 inhibitory activity of (+/-)-

taxifolin is reported.
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Figure 6.9. Cyclooxygenase-1 (COX-1) activity after addition of racemic taxifolin and
ibuprofen (positive control) at concentrations 1.0 — 250.0 pug/ml (n = 3, mean £+ S.E.M.).
Values are expressed as percentage (%).

The COX-2 inhibitory activity of (+/-)-taxifolin was also evaluated (Fig. 6.10), and
the ICso was calculated (Table 6.6). (+/-)-Taxifolin exhibited higher inhibitory activity (lower
ICsp) than (+/-)-ibuprofen and (+/-)-etodolac in the COX-2 inhibition assay. The lower ICs
value of (+/-)-taxifolin may suggest that this flavonoid is a more specific COX-2 inhibitor
than (+/-)-ibuprofen and even (+/-)-etodolac. These results are in agreement with the

observations that (+/-)-taxifolin inhibits inflammation in a HT-29 colitis model by decreasing

the PGE, levels in a concentration dependent manner.
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Figure 6.10. Cyclooxygenase-2 (COX-2) activity after addition of racemic taxifolin and
ibuprofen and etodolac (positive controls) at concentrations 1.0 — 250.0 ug/ml (n = 3, mean +
S.E.M.). Values are expressed as percentage (%).

Furthermore, the COX-2 to COX-1 ratio was calculated to assess the preferential
inhibitory activity for one of the COX isozymes involved primarily in inflammation. As
shown in Figure 6.11, (+/-)-etodolac exhibited more selective COX-2 inhibition, while (+/-)-
ibuprofen inhibited COX-1 and COX-2 to the same extent. Racemic taxifolin exhibited higher
inhibition for COX-2, comparable to the selective COX-2 inhibition by (+/-)-etodolac, and at

low concentrations it showed greater COX-2 inhibition than (+/-)-etodolac.
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Figure 6.11. Cyclooxygenase-2 (COX-2) to cyclooxygenase-1 (COX-1) ratio of racemic
taxifolin, ibuprofen, and etodolac as positive controls at concentrations 1.0 — 250.0 ug/ml (n =
3, mean + S.E.M.). Values are expressed as percentage (%). The line represents a ratio of 1
that would indicate equal inhibitory activity for both COX isomers.

Table 6.5. 1Cs, values in pug/ml (mM) of (+/-)-ibuprofen, (+/-)-etodolac (+/-)-isosakuranetin,
2R-isosakuranetin, 2S-isosakuranetin, and (+/-)-taxifolin for COX-1 inhibition (n = 3, mean +
S.E.M). a, P < 0.05, compared to ibuprofen; b, P < 0.05, racemate vs. enantiomers.

Compound

ICsg

{(+/-)-ITbupr of en
{+/-)-I sosakuranetin
2R-Isosakuran etin
25-Iso sakuranetin

{(+/-)-T axifolin

4. 11E-08 £ 6 17E-0%9
(1.99E-07 £ 2 99E-08)
1.87E+H)8 + 14 70
(6 51EH)8 + 9. 77EHIT)
011+ 1L43E02F
(0,37 £0.06)
008+ 1 23E02F
(0,29 £ 0.04)
1.3274+002*

(4,50 +0.68)
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Table 6.6. 1Cs5y) values in pg/ml (mM) of ibuprofen, etodolac (+/-)-isosakuranetin, 2R-
isosakuranetin, 2S-isosakuranetin, and (+/-)-taxifolin for COX-2 inhibition (n = 3, mean *+
S.EM). a, P < 0.05, compared to ibuprofen; b, P < 0.05, compared to etodolac; c, P < 0.05,
racemate vs. enantiomers.

Compound I,
(+/-)-Ihupr of en 076 001
(264 £0.20)
{+/-)-Etodolac 2 87E02 + 3.23E-03
(0,14 +0.023
{+/-)-Isosakuran etin 081+ 122E-02
(284 +0.43)
2R-Tsosakuran etin 0101 23E-02P+
(0,35 £0.05)
25-TIsosakuranetin 792 40 9FFF
(25.22 +£3.78)
{+/-)-T axifolin 1.99E-02 + 2 45E-03**
(6.54E-02 + 9.81E-03)

In summary, (+/-)-isosakuranetin, 2S-isosakuranetin, 2R-isosakuranetin, and (+/-)-
taxifolin demonstrated COX-1 and COX-2 inhibitory activity. (+/-)-Taxifolin showed
selective COX-2 inhibition greater than (+/-)-etodolac at low concentrations. These findings
suggest that the anti-inflammatory activity reported for (4/-)-taxifolin may be related to its
selective COX-2 inhibitory activity. The stereoseparation of all four taxifolin stereoisomers
has been proven to be technically difficult (Chapter I). Similar to what has been reported with
other chiral xenobiotics, configurational stability of taxifolin has been a limiting factor in the
development of methods of stereoseparation [7]. Isomerization of taxifolin has been reported
by Kielhmann and Edmond [123], which has limited the commercial development of pure
stereoisomers; thus, only the (2R3R)-(+)-is commercially available. Though the isolation of
the stereoisomers of taxifolin is possible, concerns with the configurational stability of these

compounds limited the number of investigations performed.



157

6.4.4 In vitro Anti-oxidant activity

The principle behind this assay is the formation of the ferryl myoglobin radical from
metmyoglobin and hydrogen peroxide which then oxidizes ABTS to produce a radical cation,
ABTS™. This technique measures the total anti-oxidant capacity of a compound relying on the
ability of the anti-oxidants in the sample to inhibit the oxidation of ABTS to ABTS™ by
metmyoglobin — the oxidized form of the oxygen-carrier protein myoglobin — rather than the
direct reduction of ferryl myoglobin [170]. The capacity of the anti-oxidants in the sample to
prevent ABTS oxidation is compared with that of Trolox®, a water-soluble tocopherol
analogue used as positive control.

The anti-oxidant activity of (+/-)-homoeriodicytol, S(-)-homoeriodicytol, (+/-)-
isosakuranetin, didymin, poncirin, (+/-)-taxifolin, (2R3R)-(+)-taxifolin and astilbin was

assessed.

6.4.4.1 Homoeriodictyol

The anti-oxidant activity of racemic and S(-)-homoeriodicytol was assessed using the
ABTS method. S(-)-homoeriodicytol showed greater anti-oxidant activity (lower ICsgp) than
(+/-)-homoeriodicytol (Fig. 6.12 and Table 6.7); this may suggest an antagonistic effect when
the S(-)- and R(+)-enantiomers are given together in the racemic mixture. In addition, both
racemic and enantiomeric homoeriodicytol showed concentration-dependent anti-oxidant

activity.
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Figure 6.12. Trolox® equivalent anti-oxidant capacity (TEAC) of homoeriodicytol and S(-)-
homoeriodicytol (n = 4, mean + S.E.M.). The line represents the baseline level indicating the
effect of DMSO alone.

Furthermore, (+/-)-homoeriodicytol (1.65 + 0.24 pg/ml) showed anti-oxidant activity
comparable to a-tocopherol (1.87 + 0.28 ug/ml), whereas S(-)-homoeriodicytol (3.57E-02 +
5.35E-03 pg/ml) demonstrated much greater anti-oxidant activity than a-tocopherol (Table
6.7). These results are quite unexpected, considering that the functional source of the anti-
oxidant activity of racemic and enantiomeric homoeriodicytol is the free hydroxyl moieties
present in the flavonoid backbone. These findings suggest that possible issues with the purity
of the compound have to be assessed since they may be a source of interference for the anti-
oxidant activity seen in S(-)-homoeriodicytol or enhanced activity of the racemate [171].

The anti-oxidant activity of homoeriodicytol has been previously studied; however,
these studies have only taken into consideration the racemic mixture. The enantiomeric form
of homoeriodicytol has been evaluated for its anti-oxidant activity for the first time. The

findings suggest that the R(+) and S(-)-homoeriodicytol have different anti-oxidant activity.

Further studies are necessary to elucidate the anti-oxidant activity of R(+)-homoeriodicytol.
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Even though the HPLC method described in Chapter II allows the isolation of R(+)-
homoeriodicytol, the cost of the racemic compound and the time need to collect enough pure
enantiomer for the assay are limiting factors. Similar to what was seen for taxifolin and other
chiral xenobiotics, the stability of homoeriodicytol may also be prohibitive for biological

characterization.

6.4.4.2 Isosakuranetin

The anti-oxidant activity of isosakuranetin and two of its glycosides was assessed
using the ABTS method. Poncirin, a neohesperidose of 2S-isosakuranetin, showed greater
anti-oxidant activity (lower ICsp) than isosakuranetin and didymin, a rutinose of 2S-
isosakuranetin (Fig. 6.13 and Table 6.7) suggesting greater anti-oxidant activity for the 2S-
configuration when attached to a neohesperidose sugar. (+/-)-Isosakuranetin, poncirin, and

didymin demonstrated greater anti-oxidant activity than a-tocopherol.

—8— (+/-)-Isosakuranetin
0.16 { | —O— Didymin
—¥— Poneirin

TEAC (mM Trolox)

0.00 T T
1 10 100

Flavonoid Log Concentration (ug/ml)

Figure 6.13. Trolox® equivalent anti-oxidant capacity (TEAC) of isosakuranetin, poncirin,
and didymin (n = 4, mean = S.E.M.). The line represents the baseline level indicating the

effect of DMSO alone.
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Previous studies have demonstrated the anti-oxidant activity of racemic
isosakuranetin; however, the enantiomers of isosakuranetin have not been previously
evaluated. Further studies are necessary to evaluate the anti-oxidant capacity of 2R- and 2S-
isosakuranetin, and although the method of separation described in Chapter III can be used to
isolate these enantiomers, the cost of the compound and the time needed to collect the
individual enantiomers are limiting factors. Alternative ways of preparately isolating or

synthesizing isosakuranetin enantiomers are necessary.

6.4.4.3 Taxifolin

The anti-oxidant activity of racemic and enantiomeric taxifolin, as well as its
rhamnoside was assessed using the ABTS method. (2R3R)-(+)-taxifolin and astilbin, a
rhamnoside of (2R3R)-(+)-taxifolin, showed comparable concentration-dependent anti-
oxidant activity (Fig. 6.14). The anti-oxidant activity of (+/-)-taxifolin was comparable to
(2R3R)-(+)-taxifolin at concentrations 1.0 to 50.0 pg/ml; however, at higher concentrations
(100.0 and 250.0 pg/ml) the anti-oxidant activity of (2R3R)-(+)-taxifolin was much greater
than that of the racemic form.

The ICsy values for (+/-)-taxifolin, (2R3R)-(+)-taxifolin, and astilbin to inhibit the
formation of ABTS radical were calculated (Table 6.7). (+/-)-Taxifolin showed greater anti-
oxidant capacity than the (2R3R)-(+)-taxifolin. The ICsy value of (2R3R)-(+)-taxifolin is
lower than the expected for an additive effect model (a fourth of (+/-)-taxifolin = 5.07E-05

ug/ml) which suggests that a synergistic interaction is responsible for the (+/-)-taxifolin anti-
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oxidant activity or impurities in the racemate or (2R3R)-(+)-taxifolin influence anti-oxidant

activity.
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Figure 6.14. Trolox® equivalent anti-oxidant capacity (TEAC) of racemic taxifolin, (2R3R)-

(+)-taxifolin and astilbin, a glycoside of (2R3R)-(+)-taxifolin (n = 4, mean + S.E.M.). The line
represents the baseline level indicating the effect of DMSO alone.

The ICs values of the racemic flavonoids, the enantiomeric forms and glycosides to
inhibit ABTS radical formation were calculated (Table 6.7). The ICs, values were compared
to a-tocopherol, a recognized anti-oxidant. S(-)-Homoeriodictyol showed greater anti-oxidant
capacity than (+/-)-homoeriodicytol. In comparison, (+/-)-taxifolin showed greater anti-
oxidant activity compared to the (2R3R)-(+)-stereoisomer; and the rhamnoside of (2R3R)-(+)-
taxifolin, astilbin, showed lower anti-oxidant activity than the aglycone. (+/-)-Isosakuranetin
also demonstrated anti-oxidant activity comparable to a-tocopherol, and the neohesperidose
of 2S-isosakuranetin (poncirin) showed greater anti-oxidant activity than the rutinose

(didymin).
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Table 6.7. ICs, values in pg/ml (mM) for (+/-)-homoeriodicytol, S(-)-homoeriodicytol, (+/-)-
isosakuranetin, didymin, poncirin, (+/-)-taxifolin, (2R3R)-(+)-taxifolin, astilbin, and
tocopherol as positive control to inhibit ABTS radical formation ( n = 4, mean + S.E.M.). a, P
< 0.05, compared to a-tocopherol; b, P < 0,05, racemate vs. stereoisomers.

Compound IO
o-Tocopherol 187+ 2 80E-01
(4.34 £0.65)
{(+/-)-Homoeriodictyol 165+ 247E01
(544 £0 823
5(-}-Homoeriodictyol 357E02+£535E-03"
(012 £0.02)
{(+/-)-Isosakuran etin 147+ 221E-1
(5.14 £077)
Didymin 222E-01 £334E 020
(078£012)
Poncirin 1.26E-03 + 1.88E-04°
(4.38E-03 £6 58E-0)
{(+/)-T axifolin 203E-04 £ 3 05E-05¢
(6.67E-04 £1.00E-05)
(2R3R)- (H)-T axifolin 2.15E-01 £4.72E-02%
(1.03 0013
Astilhin T45E-01 £ 1.12E-01*
(1.65£02%

In summary, the anti-oxidant capacity of homoeriodicytol, isosakuranetin, and
taxifolin was evaluated to assess the effect of each stereoisomer. The findings suggest that the
stereoisomers of each compound may be differentially responsible for the anti-oxidant

capacity of (+/-)-homoeriodicytol, (+/-)-isosakuranetin, and (+/-)-taxifolin.

6.4.5 In vitro Histone Deacetylases (HDAC) Activity

Nucleosomes contain two molecules each of the histones H2A, H2B, H3, and H4;
forming the fundamental repeating units of eukaryotic chromatin which fold chromosomal
DNA. Acetylation, phosphorylation, ubiquination, and methylation can modify the histone
amino termini extending from the core of the nucleosome during post-translation events.

Acetylation in particular, modifies e-amino groups of specific histone lysines due to histone
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acetyltransferases (HATSs) activity. This translates into open chromatin structure and gene
activation. On the other hand, deacetylation removes the acetyl groups from histone lysine
residues by hydrolysis through histone deacetylases (HDACs). This translates into chromatin
condensation and transcriptional repression. Therefore, HDAC inhibition accomplishes
transcriptional activation of DNA due to chromatin relaxation. If transcriptional changes in
key genes are accomplished by HDAC inhibitors, angiogenesis and cell cycling are blocked;
whereas, apoptosis and differentiation are promoted [172]. Due to their effect in these key
events of tumor proliferation, HDAC inhibitors are currently being studied as potential anti-
cancer agents [173].

The HDAC inhibitory activity of homoeriodicytol, isosakuranetin, and taxifolin was
assessed using an ELISA assay. Trichostatin A (TSA) was used for its known HDAC
inhibitory activity. TSA has been reported to enhance G(2)/M cell cycle arrest, promote

apoptosis through multiple pathways, and interfere with DNA damage repair processes [174].

6.4.5.1 Homoeriodictyol

Racemic homoeriodicytol was assessed for its HDAC inhibitory activity using a
commercially available ELISA assay. The HDAC activity decreased in a concentration-
dependent manner with (+/-)-homoeriodicytol (1.0 — 100.0 pg/ml) in the presence or absence
of trichostatin A, an HDAC inhibitor. In fact, all concentrations of (+/-)-homoeriodicytol
decreased the activity of HDAC below baseline levels (Fig. 6.15).

The inhibitory effect of homoeriodicytol in HDAC activity has not been previously
studied. These findings suggest that (+/-)-homoeriodicytol may act as an anti-cancer agent by

inhibiting HDAC activity. Future studies with the stereoisomers of homoeriodicytol are
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necessary to understand their role in HDAC inhibition. The anti-cancer studies in different
cell lines suggest that R(+)-homoeriodicytol and S(-)-homoeridictyol may produce their anti-
cancer effect by different mechanisms. Therefore, it is important to understand the inhibitory

effect of R(+)-homoeridictyol and S(-)-homoeriodicytol independently.

—8— (+/~)-Homoeriodictyol
—O0— (+F)-Homoeriodictyol + Trichostatin A

HDAC Activity {(nmol/min/ml)

0 20 40 60 80 100

Concentration (ug/ml)

Figure 6.15. HDAC activity of (+/-)-homoeriodicytol (n = 3, mean + S.E.M.). The line
represents the baseline level indicating the effect of DMSO alone.

6.4.5.2 Taxifolin

Racemic taxifolin was assessed for its HDAC inhibitory activity using a commercially
available ELISA kit (Fig. 6.16). (+/-)-Taxifolin did not show a clear concentration-dependent
inhibition of HDAC activity (1.0 — 100.0 pg/ml) in the presence or absence of trichostatin A,
an HDAC inhibitor. Only the lowest and highest concentrations of (+/-)-taxifolin tested (1.0

and 100.0 pg/ml) reduced HDAC activity below baseline level. In comparison, 10.0 and 50.0
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ug/ml of (+/-)-taxifolin seemed to promote HDAC activity instead. (+/-)-Taxifolin was not as

effective as (+/-)-homoeriodicytol in inhibiting the activity of histone deacetyltransferases.
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Figure 6.16. HDAC activity of (+/-)-taxifolin (n = 3, mean £ S.E.M.). The line represents the
baseline level indicating the effect of DMSO alone.

The effect of taxifolin in HDAC activity has not been previously studied. The results
obtained in different cancer cell lines may suggest issues with taxifolin solubility. Future
studies are necessary to understand the role of taxifolin stereoisomers in the inhibition of
HDAC activity. The anti-cancer studies in different cancer cell lines suggest that the
stereoisomers of taxifolin may have different mechanisms of action in cancer. Therefore,
studies of the inhibitory HDAC activity of each stereoisomer of taxifolin would be interesting
to examine.

The ICs values for (+/-)-homoeriodicytol and (+/-)-taxifolin to inhibit HDAC activity
are reported in Table 6.8. (4+/-)-Homoeriodictyol (42.61 + 6.39 mM) showed greater

inhibition of HDAC activity (lower ICsp) compared to (+/-)-taxifolin (345.06 + 51.76 mM).
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Table 6.8. 1Csy values in pg/ml (mM) for (+/-)-homoeriodicytol and (+/-)-taxifolin to inhibit
HDAC activity (n = 3, mean = S.E.M.). a, P < 0.05.

Compound 1T
(+/-)-Homoeriodictyol 1288 +£1.93
(42612638
(+/-)-Taxifolin 104,98+ 1547
(34506 £5176)

In summary, the effect of homoeriodicytol and taxifolin in HDAC activity was
reported for the first time. These findings support the results obtained in cancer cell line
models. (+/-)-Homoeriodictyol inhibits HDAC activity more effectively than (+/-)-taxifolin.
Further studies are necessary to elucidate the role of each stereoisomer in HDAC activity

inhibition.

6.4.6 In vitro Anti-Adipogenic Activity

Adipose tissue in mammals is present as white adipose tissue (WAT), and brown
adipose tissue (BAT). WAT stores excess energy as triglyceride in lipid droplets, whereas
BAT uses lipids to generate heat during thermogenesis. Multipotent mesenchymal precursor
cells originate adipocytes when committed to pre-adipocytes, either remaining dormant or
becoming differentiated adipocytes. 3T3-L1 cells are a well characterized cell line used in the
study of adipocyte differentiation [175]. This model system has helped elucidate the
molecular basis and signaling pathways of adipogenesis. During terminal differentiation, the
fibroblast-like pre-adipocytes undergo morphological and biochemical changes that result in

the accumulation of lipid droplets in vitro and in vivo [175]. Oil Red O staining is used in
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lipid droplets as an indicator of the degree of adipogenesis. The  inhibitory  effect  of
homoeriodicytol and taxifolin on the accumulation of lipid droplets in adipocytes in vitro was

assessed using an ELISA assay.

6.4.6.1 Homoeriodictyol

The effect of racemic homoeriodicytol and S(-)-homoeridictyol on oil red O stained
material (OROSM) in 3T3-L1 pre-adipocytes indicated a reduction in intracellular
triglyceride formation and accumulation after differentiation into adipocytes (Fig. 6.17 and
Table 6.8). (+/-)-Homoeriodictyol and S(-)-homoeriodicytol were effective in a concentration
dependent manner in the reduction of intracellular triglycerides; in fact, S(-)-homoeriodicytol
was more effective (lower ICsp) than the racemic mixture. This suggests that there is an

antagonistic effect when R(+)-homoeriodicytol and S(-)-homoeriodicytol are present together.

120 1
T+ —8——  5(-)-Homoeriodictyol
— — —  (+/)Homoeriodictyol
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Figure 6.17. Effect of (4+/-)-homoeriodicytol and S(-)-homoeriodicytol on oil red O stained
material (OROSM) in 3T3-L1 adipocytes. 3T3-L1 pre-adipocytes were harvested 8 days after
the initiation of differentiation and were stained with oil red O. Cells were treated with 0.0 —
250.0 pg/ml of (+/-)-homoeriodicytol and S(-)-homoeriodicytol for 72 hours at 37°C (n = 3,
mean + S.E.M.)
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The effect of (+/-)-homoeriodicytol in adipogenesis has not been previously evaluated.
These findings suggest that R(+)-homoeridictyol and S(-)-homoeriodicytol may have different
effects in the accumulation of triglycerides in adipocytes. Future studies need to evaluate the

effect of R(+)-homoeriodicytol in lipid droplet formation in vitro.

6.4.6.2 Isosakuranetin

The effect of (+/-)-isosakuranetin, didymin (2S-isosakuranetin rutinoside), and
poncirin (2S-isosakuranetin neohesperidose) on oil red O stained material (OROSM) in 3T3-
L1 pre-adipocytes is demonstrated in Fig. 6.18 and Table 6.8. (+/-)-Isosakuranetin
demonstrated to be effective in reducing the OROSM in a concentration dependent manner
for concentrations between 1.0 and 50.0 ug/ml; whereas at higher concentrations (100.0 and
250.0 pg/ml) (+/-)-isosakuranetin seemed to induce the accumulation of intracellular
triglyceride lipids measured with the OROSM. Poncirin was shown to be ineffective in
reducing the OROSM in 3T3-L1 adipocytes and in fact promoted the accumulation of lipid
droplets. On the other hand, didymin was demonstrated to both inhibit and induce
triglycerides formation in adipocytes depending on the concentration. These data suggest that
2S-isosakuranetin has a greater effect in inhibiting the accumulation and formation of

triglycerides in adipocytes when attached to a rutinose sugar.
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Figure 6.18. Effect of (+/-)-isosakuranetin, poncirin, and didymin on oil red O stained
material (OROSM) in 3T3-L1 adipocytes. 3T3-L1 pre-adipocytes were harvested 8 days after
the initiation of differentiation and were stained with oil red O. Cells were treated with 0.0 —
250.0 pg/ml of homoeriodicytol for 72 hours at 37°C (n = 3, mean + S.E.M.)
The effect of isosakuranetin in adipogenesis has not been previously studied. Further

studies are necessary to elucidate the effects of 2S-isosakuranetin and 2R-isosakuranetin in

formation and accumulation of triglycerides in adipocytes in vitro.

6.4.6.3 Taxifolin

The effect of racemic taxifolin, (2R3R)-(+)-taxifolin, and astilbin ((2R3R)-(+)-
taxifolin thamnoside) on oil red O stained material (OROSM) in 3T3-L1 pre-adipocytes is
shown in Fig. 6.19 and Table 6.8. (2R3R)-(+)-Taxifolin was demonstrated to reduce
intracellular triglyceride lipids accumulation and formation in adipocytes. (+/-)-Taxifolin
reduced the formation of lipid droplets in adipocytes at low concentrations; however, at 10.0

and 50.0 pg/ml it seemed to promote the formation of triglycerides in vitro. Similarly, astilbin
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reduced lipid droplets formation at low concentrations, but at high concentrations it promoted
the formation of triglycerides.

These results suggest that possible issues with solubility of these compounds need to
be carefully assessed. It might be possible that these compounds precipitate out of solution
and therefore, the effect seen in inhibiting triglyceride formation might therefore be less than

expected.
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Figure 6.19. Effect of (+/-)-taxifolin, (2R3R)-(+)-taxifolin, and astilbin on oil red O stained
material (OROSM) in 3T3-L1 adipocytes. 3T3-L1 pre-adipocytes were harvested 8 days after
the initiation of differentiation and were stained with oil red O. Cells were treated with 0.0 —
250.0 pg/ml of homoeriodicytol for 72 hours at 37°C (n = 3, mean + S.E.M.)

The effect of taxifolin in adipogenesis has not been previously evaluated. Further
studies with (2S3R)-(+)-taxifolin, (2S3S)-(-)-taxifolin, and (2R3S)-(-)-taxifolin will

contribute to our understanding of differences in stereochemistry of taxifolin in triglyceride

formation and accumulation in vitro.
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The ICs values for (+/-)-homoeriodicytol, S(-)-homoeriodicytol, (+/-)-isosakuranetin,
didymin, poncirin, (+/-)-taxifolin, (2R3R)-(+)-taxifolin, and astilbin for reduction on OROSM
are shown in Table 6.9. Overall, the aglycones were more effective when compared to the
glycosides. (+/-)-Taxifolin was demonstrated to be more effective (lower 1Csp) than (+/-)-
homoeridictyol, S(-)-homoeriodicytol, (+/-)-isosakuranetin, and (2R3R)-(+)-taxifolin in

reducing the accumulation and formation of triglycerides in adipocytes cells in vitro.

Table 6.9. ICs, values in pg/ml (mM) for (+/-)-homoeriodicytol, S(-)-homoeriodicytol, (+/-)-
isosakuranetin, didymin, poncirin, (+/-)-taxifolin, (2R3R)-(+)-taxifolin, and astilbin for
reduction on oil red O stained material (OROSM) in 3T3-L1 adipocytes (n = 3, mean *
S.E.M.). a, P < 0.05, racemate vs. stereoisomer.

Compound ICs0
{(+/-)-Homoeriodictyol 080+150
(2632040
S(-)-Homoeriodictyol 082+010
2712041
{+/-)-Isosakuran etin a0.84+£753
(17759426 64
Didymin 5108756
(B5.91+£128%9
Poncirin 1233 26+ 18425
(2074 24+ 311.14)
(+/-)-T axifolin D66 £009
2172033
(2R3R)- (1)-T axifolin 731+ 117
(25 67+ 385
Astilhin 062 +£008
(138£021)

In summary, the effect of homoeriodicytol, isosakuranetin, and taxifolin in
adipogenesis were studied for the first time. A concentration-dependent decrease in lipid
droplets formation was evident in (+/-)-homoeriodicytol and S(-)-homoeriodicytol, but not in
the other compounds studied. Nevertheless, a decrease in triglycerides in adipocytes was seen
after treatment with (+/-)-isosakuranetin, didymin, and (+/-)-taxifolin, whereas poncirin and

astilbin promoted triglyceride accumulation. Further studies are necessary to elucidate the role
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of each stereoisomer of homoeriodicytol, isosakuranetin, and taxifolin in triglyceride

formation and accumulation in adipocytes in vitro.

6.5 CONCLUSIONS

Overall, these studies have demonstrated that homoeriodicytol, isosakuranetin, and
taxifolin have pharmacological activity in a variety of exploratory and well established in
vitro assays. Interestingly, these investigations have revealed that small structural differences
in the chemical structure of these compounds result in significant pharmacodynamic
differences. These structural differences include glycosides, aglycones, enantiomers, and
hydroxyl and methoxy substitution patterns.

Homoeriodictyol, isosakuranetin, and taxifolin demonstrated concentration-dependent
anti-cancer activity. The results obtained with the pure stereoisomers, S(-)-homoeriodicytol,
2S-isosakuranetin, 2R-isosakuranetin, and (2R3R)-(+)-taxifolin, suggest that each
stereoisomer contributed differently to the anti-cancer effect seen in the racemic mixtures.

(+/-)-Homoeriodictyol and (+/-)-taxifolin were evaluated for their effect in a colitis in
vitro model in HT-29 colon adenocarcinoma cells for the first time. (+/-)-Homoeriodictyol
and (+/-)-taxifolin demonstrated concentration-dependent reduction of PGE, levels in HT-29
cells. Further studies are necessary with the pure stereoisomers of homoeriodicytol and
taxifolin to elucidate their potential differences in anti-inflammatory activity in colitis. Given
the pharmacokinetics of these compounds and the extensive non-renal clearance,
homoeriodicytol and taxifolin may be of potential therapeutic use in the treatment of
pathologies of the GI tract such as inflammatory bowel disease.

(+/-)-Isosakuranetin, 2S-isosakuranetin, 2R-isosakuranetin, and (+/-)-taxifolin showed

COX-1 and COX-2 inhibitory activity. Furthermore, (+/-)-taxifolin showed selective COX-2
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inhibition greater than (+/-)-etodolac at low concentrations. These findings suggest that the
anti-inflammatory activity reported for (+/-)-taxifolin may be related to its selective COX-2
inhibitory activity.

The anti-oxidant capacity of homoeriodicytol, isosakuranetin, and taxifolin was
evaluated to assess the effect of each stereoisomer. The findings suggest that the
stereoisomers of each compound may be differentially responsible for the anti-oxidant
capacity of (+/-)-homoeriodicytol, (+/-)-isosakuranetin, and (+/-)-taxifolin.

The effect of homoeriodicytol and taxifolin in HDAC activity was evaluated for the
first time. These findings support the results obtained in cancer cell line models and suggest
that their anti-cancer activity may be associated with their HDAC inhibitory activity. The
results suggested that (+/-)-homoeriodicytol inhibits HDAC activity more effectively than
(+/-)-taxifolin. Further studies are necessary to elucidate the role of each stereoisomer in
HDAC activity inhibition, and the possible synergistic activity of these compounds in cancer
chemotherapy.

The effect of homoeriodicytol, isosakuranetin, and taxifolin in adipogenesis were
studied for the first time. A concentration-dependent decrease in lipid droplets formation was
evident in (+/-)-homoeriodicytol and S(-)-homoeriodicytol, but not in the other compounds
studied. Nevertheless, a decrease in triglycerides in adipocytes was seen after treatment with
(+/-)-isosakuranetin, didymin, and (+/-)-taxifolin, whereas poncirin and astilbin promoted
triglyceride accumulation. Further studies are necessary to elucidate the role of each
stereoisomer of homoeriodicytol, isosakuranetin, and taxifolin in triglyceride formation and

accumulation in adipocytes in vitro.
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These studies demonstrated the utility and necessity of developing stereoselective
HPLC methods for chiral flavonoids. The validated HPLC methods described in Chapter II1
were successfully used to isolate the stereoisomers of isosakuranetin that are not
commercially available. Nonetheless, the expense and time needed to collect enough quantity
of the compounds limited the number of investigations able to be conducted. A number of
technical issues require further experimental scrutiny including: purity of the compounds
obtained from commercial suppliers, isomerization, racemization, stability, stereoselective

release, and solubility.
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7 Analysis of Selected Polyphenol Content in Tomatoes (Solanum

lycopersicum 1..)

7.1 INTRODUCTION

This chapter describes the quantification of the content of selected polyphenols —
ellagic acid, fisetin, hesperetin, kaempferol, quercetin, phloretin, myricetin, R(+)-naringenin,
S(-)-naringenin, and taxifolin — in tomatoes grown in two distinct soil fertility management
systems — organic and conventional — in a glasshouse at the Pullman campus of Washington
State University. Polyphenol quantification was accomplished using reverse phase high

performance liquid chromatography, RP-HPLC.
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7.2 BACKGROUND

The tomato (Solanum lycopersicum L.), a Solanaceae member, is native to Central,
South and southern North America. Tomatoes are grown worldwide for their edible fruits, and
the United States is the second largest tomato producer in the world after China [176].
California and Florida are the states with the largest production of processed and fresh
tomatoes, respectively in the United States [177]. Tomato consumption has been linked to
health benefits due to the presence of lycopene (MW = 536.87 g/mol; XLogP = 10.2);
however, the United States’ Food and Drug Administration (FDA) has found no credible
evidence to support the association between lycopene consumption and reduced risk of certain
cancers [178]. Nevertheless, this has not prevented the processed-tomato industry from using
qualified health claims on their product labels since the standards for health claims are less
stringent than for drugs [179]. Lycopene as a food component and tomatoes as food were
evaluated separately by the FDA for lung, colorectal, gastric, breast, cervical, ovarian,
endometrial, and pancreatic cancers [178]. The FDA reported that there is limited credible
evidence that tomato consumption is associated with a reduced risk of prostate, gastric,
ovarian, and pancreatic cancers, whereas in lung, colorectal, breast, cervical, and endometrial
cancers the evidence does not support the health benefit claims associated with tomato
consumption. In the case of lycopene, dietary lycopene intake was demonstrated to be poorly
correlated to serum lycopene levels. Moreover, the FDA concluded that there is no credible
evidence supporting the relationship between lycopene consumption and any of the cancers
evaluated in the studies that exist to date [178].

Tomato consumption has been correlated with the low mortality rate from coronary
heart disease (CHD) in the Mediterranean region of Southern Europe [180]. The

Mediterranean-style diet consists of a non-strict vegetarian diet rich in oleic acid, omega-3
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fatty acids, fiber, B vitamins, and anti-oxidants, and low in saturated and polyunsaturated fats
[180]. Various studies have produced contradictory results regarding the role of the health
systems and welfare on the effect of the Mediterranean-style diet and CHD. A randomized
single-blinded secondary prevention trial concluded that a 50 to 70% reduction in the risk of
cardiovascular complications was achieved in patients following a Mediterranean dietary
pattern for 46 months [181]. Following this report, the American Heart Association stated that
the Mediterranean diet had a high content of alpha-linolenic acid, but that high dietary
diversity is a more important factor rather than a single food or beverage in the diet [180].
However, the National Cancer Institute has included tomatoes in the list of cancer preventive
plant-food sources along with garlic, ginger, onion, and legumes [3].

Analysis of the polyphenolic content in tomatoes has been limited. Transgenic
tomatoes obtained by overexpression of the gene encoding stilbene synthase were used to
analyze the content of stilbenes using HPLC and photodiodearray (PDA) detection [182].
Rutin — a quercetin glycoside — and naringenin demonstrated the highest concentrations in
peel (80.32 and 31.68 mg/kg, respectively) and whole fruit (4.32 and 23.92 mg/kg,
respectively) of wild-type tomatoes. However, transgenic tomatoes showed lower
concentrations of these flavonoids in both peel (39.13 and 13.2 mg/kg, respectively) and
whole fruit (3.27 and 8.42 mg/kg, respectively). The highest amount of stilbenes was found in
their glycosylated form in peel of tomato at mature stages of ripening. To our knowledge,
there have not been extensive studies that describe the content of selected polyphenols in
different hybrid tomato cultivars using two distinct fertility management systems. Moreover,
the stereospecific content of R(-)-naringenin and S(+)-naringenin has not been determined in

tomato except in studies in our laboratories at Washington State University [152,183,184].
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7.3 METHODS

7.3.1 HPLC Apparatus and Conditions

The HPLC system used was a Shimadzu HPLC (Kyoto, Japan), consisting of an LC-
10ATVP pump, a SIL-10AF auto injector, a SPD-M10A VP spectrophotometric diodearray
detector, and a SCL-10A VP system controller. Data collection and integration were
accomplished using Shimadzu EZ Start 7.1.1 SP1 software. The analytical column used was
Chiralcel® OD-RH column (150mm X 4.6mm i.d., 5-um particle size, Chiral Technologies
Inc., PA, USA) protected by a Chiralcel OD-RH guard column (0.4cm x Icm, 5-um particle
size). The mobile phase consisted of acetonitrile, water and phosphoric acid (30:70:0.04,
v/v/v), filtered and degassed. Separation was carried out isocratically at 25 + 1°C, a flow rate

of 0.4 ml/min, with ultraviolet (UV) detection at 292 nm.

7.3.2 Chemicals and Reagents

Racemic taxifolin was purchased from Indofine Chemical Company (Hillsborough, NJ,
USA). Diadzein, ellagic acid, fisetin, hesperetin, kaempferol, quercetin, phloretin, myricetin,
naringenin, formic acid, and B-glucuronidase from Helix pomatia Type-HP-2 were purchased
from Sigma Chemicals (St Louis, MO, USA). HPLC grade acetonitrile, methanol, and water
were purchased from J. T. Baker (Phillipsburg, NJ, USA). Phosphoric acid was purchased

from Aldrich Chemical Co. Inc. (Milwaukee, WI, USA).
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7.3.3 Stock and Working Standard Solutions

Diadzein, ellagic acid, fisetin, hesperetin, kaempferol, quercetin, phloretin, myricetin,
naringenin, and taxifolin solutions of 100.0 pg/ml were dissolved in methanol. Diadzein was
used as internal standard (IS). These solutions were protected from light and stored at -20°C
between uses, for no longer than three months. Calibration standard curves in water were
prepared from the stock solutions by sequential dilution, yielding concentrations of 0.5, 1.0,

5.0, 10.0, 50.0 and 100.0 pg/ml. Diadzein was used as internal standard (IS).

7.3.4 Plant Material

Three hybrid tomato (Solanum lycopersicum L.) cultivars varying in fruit size from
small (‘Octavio’), to medium (‘First Lady’), to large (‘Big Beef’) were grown in
Spring/Summer 2007 in the Agricultural Research Center’s Plant Growth Facilities at the
Pullman campus of Washington State University. Either cultivar was grown in each organic
(75% v/v Sunshine Organic Planting Mix, Sun-Gro Horticulture, 25% v/v Whitney Farms
Planting Compost, 5% v/v Palouse silt-loam top soil) or conventional (100% Sunshine LC1
Professional Growing Media, Sun-Gro Horticulture) growth media and fertilized with either
organic (BioLink 5-5-5 Organic All-Purpose and Organic Micronutrient Fertilizers,
Westbridge) or conventional (Peters Professional 20-20-20 General Purpose and Soluble
Trace Element Mix Fertilizers, Scotts Co.) liquid fertilizers, with approximately equal
amounts of total nitrogen for each fertilizer treatment. A 4-block Randomized Complete
Block (RCB) design in a glasshouse (14 hours, 21.1°C/ 10 hours, 18.3°C day/night
temperatures) was used, and 1000 W metal-halide lamps were used to supplement natural

daylight.
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7.3.5 Sample Preparation

Extraction of ellagic acid, fisetin, hesperetin, kaempferol, quercetin, phloretin,
myricetin, naringenin, and taxifolin for analysis of polyphenolic content from Solanum
lycopersicum L. samples was accomplished as follows: 0.1 g of sample (pericarp) was
measured and frozen under liquid nitrogen. Each sample was prepared in duplicate; the frozen
samples were placed into an extraction glass tube and 1.0 ml of methanol was added.
Extraction was performed for 1 minute using a Thomas tissue grinder (Thomas Scientific,
Swedesboro, NJ, USA). The extraction mix and fruit tissue were placed into a 2.0 ml
Eppendorf tube, 0.5 ml of methanol was added to the extraction glass for rinsing and
combined with the extraction mix. A total volume of 1.5 ml was obtained per extraction; the
samples were vortexed for 30 seconds and centrifuged at 5,000 r.p.m. for 5 minutes. One of
the duplicates was treated to extract only aglycones (free) and the second of the duplicates
was treated with B-glucuronidase from Helix pomatia Type HP-2 to cleave any glycosides to
aglycones (total) [147]. The supernatant of the free samples was transferred into 2.0 ml
Eppendorf tubes, and 25.0 ul of IS was added, samples were vortexed for 10 seconds, dried to
completion under nitrogen gas using an analytical evaporator, and stored at 4°C before
analysis. The supernatant of the total samples was transferred into 15 ml conical tubes. The
total samples were dried to completion under nitrogen gas, then 1.0 ml of HPLC-grade water,
110.0 ul 0.78 M sodium acetate-acetic acid buffer (pH 4.8), and 100.0 ul 0.1 M ascorbic acid
were added. The samples were vortexed for 30 seconds, and incubated for 17 - 24 hours at
37°C in a shaking incubator following the addition of 200.0 ul of crude preparation of [-

glucuronidase from Helix pomatia Type HP-2. After incubation, 1.0 ml of ice-cold
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acetonitrile was added to stop the enzymatic activity of B-glucuronidase, the samples were
vortexed for 10 seconds, and centrifuged at 5,000 r.p.m. for 5 minutes. The supernatant was
collected into 15 ml conical tubes and dried to completion under nitrogen gas using an
analytical evaporator after 25.0 ul of IS was added; then were subsequently stored at 4°C
before analysis. When all samples were ready for analysis, free and total samples were
reconstituted in 200.0 ul of mobile phase, vortexed for 30 seconds, and centrifuged at 5,000
r.p.m. for 5 minutes; 150.0 ul were injected into the HPLC system for analysis. Glycoside
content was calculated by subtracting the concentration of the free samples from the incubated

total samples.

7.3.6 Data Analysis

Data analysis was performed using Excel 4.0. Quantification was based on calibration
curves constructed using PAR of ellagic acid, fisetin, hesperetin, kaempferol, quercetin,
phloretin, myricetin, naringenin, and taxifolin to IS, against ellagic acid, fisetin, hesperetin,
kaempferol, quercetin, phloretin, myricetin, naringenin, and taxifolin concentrations using

unweighted least squares linear regression.

7.4 RESULTS AND DISCUSSION

7.4.1 Chromatography

Separation of ellagic acid, fisetin, hesperetin, kaempferol, quercetin, phloretin,
myricetin, R(+)- and S(-)- naringenin, taxifolin and the internal standard (IS) diadzein in
tomatoes was successfully achieved (Fig. 7.1.2). No interfering peaks co-eluting with the

compounds of interest were detected (Fig. 7.1.1). The retention times of ellagic acid, taxifolin,
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myricetin, fisetin, quercetin, phloretin, R(+)-naringenin, S(-)-naringenin, hesperetin, and
kaempferol were approximately 14, 15, 17, 18, 30, 38, 55, 60, 70, and 80 minutes,
respectively. The IS diadzein eluted at approximately 24 minutes (Fig. 7.1). Optimal
separation was achieved when the combination of acetonitrile, water and phosphoric acid was
30:70:0.04 (v/v/v) and the flow rate 0.37 ml/min. The total run time of the method was 90

minutes.
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Figure 7.1. Representative chromatographs of standards and a tomato (Solanum
lycopersicum) sample. (1) Ellagic acid, taxifolin, myricetin, fisetin, quercetin, phloretin, R(+)-
naringenin, S(-)-naringenin, hesperetin, and kaempferol standards(10.0 pg/ml) in water (2)
Compounds detected in an actual tomato sample. Diadzein was used as internal standard (IS)
and it eluted at approximately 24 minutes.

To our knowledge, this is the first report identifying the presence of taxifolin in
tomatoes. Subsequent to this study, the chiral method of analysis presented in Chapter IV was
ultimately developed. In addition, homoeriodicytol and isosakuranetin were not present in
tomatoes. The stereospecific content of (+/-)-taxifolin was subsequently analyzed in selected
tomato samples (Fig. 7.2). There were no interfering peaks eluting with the compounds of

interest. The validated HPLC method described in Chapter IV was used to analyzed the
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content of (2S3R)-(+)-taxifolin (56.20% =+ 5.06), (2S3S)-(-)-taxifolin (2.88% =+ 0.35), (2R3R)-
(+)-taxifolin (26.76% =+ 3.75), and (2R3S)-(-)-taxifolin (14.16% + 1.70) in tomato samples
with high (+/-)-taxifolin content. (2S3R)-(+)-taxifolin and (2R3R)-(+)-taxifolin were
predominant in the tomato samples studied. To our knowledge, this is the first report of the

stereospecific content of taxifolin in tomatoes.
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Figure 7.2. Representative chromatograph of tomato (Solanum lycopersicum) samples. The

stereoisomers of (+/-)-taxifolin were detected in tomato samples using the validated HPLC
method described in Chapter IV.

7.4.2 Polyphenol Content of Tomatoes

7.4.2.1 Aglycone Content of Selected Polyphenols

The content of ellagic acid, taxifolin, myricetin, fisetin, quercetin, phloretin, R(+)-
naringenin, S(-)-naringenin, hesperidin, and kaempferol was quantified in both
conventionally- and organically-grown tomatoes harvested in WSU facilities as described in
section 7.3.4. The content of these selected flavonoids in the ‘First Lady’ tomato cultivar is

presented in Fig. 7.3.
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Myricetin (12.22 + 3.41 mg/100 g FW) was predominant in conventionally-grown
tomatoes, whereas kaempferol (0.85 = 0.09 mg/100 g FW) was the aglycone with the lowest
concentration. In comparison, organically grown ‘First Lady’ tomatoes showed hesperetin
(8.85 £ 8.66 mg/100 g FW) to be the aglycone with the highest concentration and kaempferol
(0.07 £ 0.07 mg/100 g FW) the polyphenol with the lowest concentration.

These results do not support previous findings that reported racemic naringenin as the
polyphenol with the highest concentration in tomatoes [182]. This discrepancy (seen for both
the aglycone and glycoside content of tomatoes) may be due to the fact that a different
cultivar was analyzed; Nicoletti et. al. studied the polyphenolic content of red fruit of the
‘Money Maker’ tomato in Italy. In the red fruit of ‘Money Maker’, racemic naringenin and
rutin were reported to be the predominant polyphenols for the aglycone and glycoside forms,
respectively [182]. Even though a myricetin analysis method was developed by Nicoletti et.
al., no quantification data were reported for this polyphenol in ‘Money Maker’.

In conventionally grown ‘First Lady’ tomatoes, myricetin was the polyphenol in the
aglycone form with the highest concentration followed by fisetin, ellagic acid, taxifolin, R(+)-
naringenin, quercetin, S(-)-naringenin, hesperetin, phloretin, and kaempferol (Fig. 7.3). On
the other hand, ‘First Lady’ tomatoes grown using organic soil fertility conditions showed
hesperetin to be the polyphenol with the highest concentration followed by fisetin, myricetin,
quercetin, ellagic acid, R(+)-naringenin, S(-)-naringenin, phloretin, and kaempferol (Fig. 7.3).

These findings suggest that the use of varied soil fertility conditions may result in
disproportionate polyphenolic content of these aglycones in tomatoes. However, these
preliminary data do not include separate analysis of the polyphenolic content in the epidermis

of tomatoes. Polyphenols are usually accumulated in this layer of cells in fruit were they can
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exert their protective properties against environmental stresses [4]. Therefore, the analysis of
epidermal peel samples is important to assess the total polyphenolic content in fruit of ‘First
Lady’. The evaluation of the polyphenolic composition in epidermal tissue in ‘First Lady’

tomato cultivar remains to be determined.
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Figure 7.3. Content of ellagic acid, taxifolin, myricetin, fisetin, quercetin, phloretin, R(+)-
naringenin, S(-)-naringenin, hesperetin, and kaempferol in conventionally grown and
organically grown ‘First Lady’ tomatoes (n = 32, mean + S.E.M.). a, P < 0.05, conventional
VS. organic.

7.4.2.2 Glycoside Content of Selected Polyphenols

The content of ellagic acid glycoside, taxifolin glycoside, myricetin glycoside, fisetin
glycoside, quercetin glycoside, phloridzin, R(+)-naringin, S(-)-naringin, hesperidin, and
kaempferol glycoside was also quantified in both organically and conventionally grown
tomatoes (Fig. 7.4). ‘First Lady’ tomatoes grown with a conventional soil fertility
management showed greater concentration of myricetin glycoside (104.00 + 42.13 mg/100 g

FW) while R(+)-naringin (0.39 £+ 0.11 mg/100 g FW) was demonstrated to have the lowest
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concentration. Likewise, organically grown ‘First Lady’ tomatoes also exhibited myricetin
glycoside (321.40 £ 175.64 mg/100 g FW) as the glycoside with the highest concentration,
but in tomatoes grown organically, phloridzin (0.22 + 0.12 mg/100 g FW) was demonstrated
to have the lowest concentration.

These results do not support previous findings that report rutin, or quercetin-3-
rutinoside, as the polyphenol with the highest concentration in the glycosylated form in the
‘Money Maker’ cultivar [182]. Similarly, a study of the glycosides in tomatoes reported
quercetin glycosides, phloretin glycosides, and kaempferol glycosides to be predominant in
‘Romana’, ‘Elanto’, and ‘Favorita’ cultivars [185]. As mentioned before, this discrepancy
may be due to the difference in cultivars analyzed.

In ‘First Lady’ tomatoes, quercetin glycoside was the second highest polyphenol
detected in this group, followed by taxifolin glycoside, fisetin glycoside, hesperidin, ellagic
acid glycoside, phloridzin, S(-)-naringin, kaempferol glycoside, and R(+)-naringin in
conventional tomatoes (Fig. 7.4). Further studies are necessary to determine if the quercetin
glycoside detected with the HPLC method developed corresponds to quercetin-3-rutinoside.
In comparison, glycoside concentrations from the highest to the lowest in organic tomatoes
were myricetin glycoside, taxifolin glycoside, ellagic acid glycoside, hesperedin, fisetin
glycoside, quercetin glycoside, S(-)-naringin, kaempferol glycoside, R(+)-naringin, and

phloridzin (Fig. 7.4).
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Figure 7.4. Content of ellagic acid glycoside, taxifolin glycoside, myricetin glycoside, fisetin
glycoside, quercetin glycoside, phloridzin, R(+)-naringin, S(-)-naringin, hesperidin, and
kaempferol glycoside in conventionally grown and organically grown ‘First Lady’ tomatoes
(n =32, mean + S.E.M.). a, P < 0.05, conventional vs. organic.

Similar to the findings of aglycone content, these data suggest that the use of varied
soil fertility management may result in differences in the polyphenolic content of the
glycoside forms of polyphenols. Moreover, polyphenols are mostly found as glycosides and
other conjugates in nature [6]. Therefore, the analysis of the content of these polyphenols and
their glycosidic forms in epidermal peel is important to complete the analysis of the total

polyphenolic content in fruit of ‘First Lady’ tomato.

7.42.3 Comparisons

Occurrence of polyphenols in tomato fruits has been reported to be exclusively

restricted to the peel [185]; and previous studies have reported only negligible quantities in
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the remaining parts of the fruit [185]. However, the present findings report high polyphenolic
content in flesh tissue of tomatoes.

The aglycone content in ‘First Lady’ tomatoes ranged from 0.85 to 12.22 mg/100 g
fresh weight (FW) for conventionally grown tomatoes and from 0.07 to 8.85 mg/100 g FW for
organically-grown tomatoes. Glycoside content in ‘First Lady’ tomatoes ranged from 0.39 to
104.00 mg/100 g FW in tomatoes grown under conventional soil fertility conditions and from
0.22 to 321.40 mg/100 g FW for tomatoes grown organically (Table 7.1).

The R(+)-naringenin and S(-)-naringenin content in tomatoes is reported for the first
time. Previous studies outside of Washington State University have not considered the
stereochemical analysis of naringenin in tomatoes. Nevertheless, S(-)-naringenin has been
reported to be predominant over R(+)-naringenin in fruit juices [152], and differences in the
pharmacokinetics of R(+)-naringenin and S(-)-naringenin have also been reported [152].
Similar differences in the disposition of naringenin are seen in tomatoes. In both conventional

and organic tomatoes, S(-)-naringenin has higher concentrations than R(+)-naringenin.
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Table 7.1. Content (mg/100 g FW) of selected polyphenols in organically grown and
conventionally grown °‘First Lady’ tomatoes (n = 32, mean + S.E.M.). a, P < 0.05,
conventional vs. organic.

Compound (mg100 g FW Conventional Crganic
Ellagic Acid Glycoside 1052+£1.80 4274 £ 2310
Aglycone 424 £0.57* 2.98+£053
Total 14.75+237 45,72 £23.63
T axifolin Glycoside 4042+ 21.34 108.01 £ 14.60*
Aglycone 378+ 1.20 1.24+£031
Total 44.21+22.54 10996 £15.51*
My ricetin Glycoside 10400+£4213 32140+ 17564
Aglycone 12224341 408+ 070
Total 11622 +£45.54 32548+ 176.34
Fisetin Hycoside 3905+ 168 20.87+7.45
Aglycone 12.06 177 676253
Total 51.12 +£ 345 27.63+9.98
Quer cetin Glycoside 58.91 £ 884 1769753
Aglycone 234 £0.30 283+ 180
Total 61.25 +9.14° 20.51+9.32
Phloretin Glycoside 4.05 £1.30° 022+ .02
Aglycone 0.92+£0.05* 066X 007
Total 4.97 +1.34° 0.83+019
Ri+)-Naringenin Glycoside 039+011 1.98 £0.95°
Aglycone 2.39+£010 2210724
Total 2.78+0.22 4,19+ 119
S(-)>-Maringenin ~ Glycoside 368+ 1.31 5.94+ 2721
Aglycone 1.44+0 14 1.32+£ 008
Total 512+ 1.45 727+£229
Hesperetin Glycoside 2171413 2437+ 847
Aglycone 1.11+£0.07 BB ERE
Total 2282 +420 33.21+17.13
Kaeanpferol Glycoside 3 B0E0TT 385029
Aglycone 0.85 #0.05* 0.07+007
Total 4.15+0.85 3.92+036
Total Glycosides 23603 £8341 547.08 + 24036
Total Aglycones 4135+ 7.70 3169+ 1559
TOTAL POLYPHENOLS 32738 £91.10 578.76 £ 25594
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Overall, organically grown tomatoes demonstrated a concentration of total selected
polyphenols 1.8-fold higher than conventionally-grown tomatoes (578.76 + 255.94 mg/100 g
FW and 327.38 + 91.10 mg/100 g FW, respectively). Moreover, myricetin was the
predominant polyphenol in tomatoes produced in both organic and conventional farming
systems (325.48 + 176.34 mg/100 g FW and 116.22 + 45.54 mg/100 g FW). Previous studies
of the composition of polyphenols in another tomato cultivar (‘Money Maker’) indicated that
the content of polyphenolic compounds was dependent on the cultivar of tomato analyzed
[182]. However, no studies have analyzed the effect of the soil fertility management system
on polyphenolic composition in tomatoes. The present findings suggest that differences in
content and concentration of polyphenols in the flesh samples of ‘First Lady’ tomato analyzed

may be related to the soil fertility conditions (Fig. 7.5).
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Figure 7.5. Content of ellagic acid, taxifolin, myricetin, fisetin, quercetin, phloretin, R(+)-
naringenin, S(-)-naringenin, hesperetin, kaempferol and their respective glycosides in
conventionally grown and organically grown ‘First Lady’ tomatoes (n = 32, mean values).
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Nevertheless, the analysis of the epidermal peel of ‘First Lady’ tomatoes is necessary
and will provide more conclusive evidence on the effect of the farming method in

polyphenolic content in tomatoes.

7.5 CONCLUSIONS

A novel HPLC method for ellagic acid, taxifolin, myricetin, fisetin, quercetin,
phloretin, R(+)-naringenin, S(-)-naringenin, hesperetin, and kaempferol, and their glycosides
is sensitive, reproducible and accurate. The method was applied for the first time in the
analysis and quantification of these selected polyphenols in tomatoes grown using
conventional and organic soil fertility management. The organically grown ‘First Lady’
tomatoes showed a 1.8-fold higher concentration of total selected polyphenols compared to
‘First Lady’ tomatoes grown conventionally.

The content and concentration of ellagic acid, taxifolin, myricetin, fisetin, quercetin,
phloretin, R(+)-naringenin, S(-)-naringenin, hesperetin, and kaempferol varied depending on
the soil fertility system used. Moreover, ellagic acid, taxifolin, fisetin, and hesperidin were
reported in tomato extracts for the first time. Previous reports of naringenin content in
tomatoes did not analyze the enantiomeric content of this polyphenol [182]. S(-)-naringenin,
R(+)-naringenin and their glycosides were reported in tomatoes for the first time and similarly
to what has been reported in fruit juices, the S(-)-enantiomer is predominant in both organic
and conventional tomatoes.

After serendipitous discovery of taxifolin in tomatoes, the stereospecific analysis of
(+/-)-taxifolin was achieved in selected samples of tomatoes and demonstrated differential
disposition in favor of (2S3R)-(+)-taxifolin and (2R3R)-(+)-taxifolin. This is the first report of

the presence of taxifolin in tomatoes which subsequently resulted in the development of the
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chiral method of analysis presented in Chapter IV and further demonstrates the importance of
chiral analysis techniques.

These findings contribute to our understanding of the complex relationship between
the polyphenolic content of fruit and farming systems. However, further studies of the
polyphenolic content in epidermal peel of the fruits of the ‘First Lady’ cultivar of tomatoes
are necessary to have more conclusive evidence of the effect of the soil fertility management
on polyphenolic composition. Future studies will also include the analysis of other cultivars of
tomatoes to examine their effects on the polyphenolic content. The importance of analysis of
both aglycone and glycoside forms in addition to enantiomeric forms in horticultural studies

of tomato polyphenols is highlighted.
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8 Analysis of Selected Polyphenol Content in Apples (Malus x

domestica) and Assessment of Pharmacological Activity

8.1 INTRODUCTION

The first section of this chapter describes the quantification of the content of selected
polyphenols in apples — ellagic acid, hesperetin, kaempferol, quercetin, phloretin, R(+)-
naringenin and S(-)-naringenin — using reverse phase high performance liquid
chromatography, RP-HPLC. The second section of this chapter describes the pharmacological
activity of selected apple extracts in in vitro anti-cancer and anti-inflammatory models, as

well as anti-oxidant, and anti-adipogenic assays.
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8.2 BACKGROUND

The apple (Malus x domestica), a Rosaceae member, originated in Kazakhstan and
constitutes the largest agricultural product in the state of Washington [186]. Apples are
consumed worldwide for their fruits and their consumption has been suggested to be linked to
numerous health benefits due to their polyphenol content [187]. The relationship between the
anti-oxidant content in apple peel and the whole fruit in two growing seasons of 19 cultivars
was studied [187]. The total polyphenolic content was measured using HPLC or the Folin-
Ciocalteu method; and polyphenol concentrations were reported to be 3-fold higher in peel
than in flesh. Likewise, specific anti-oxidative enzymes were measured: glutathione reductase,
ascorbate peroxidase, and catalase. These enzymes were demonstrated to have different
activity in the nineteen different cultivars analyzed.

Content and composition of phenolic compounds in apples vary depending on several
factors including: cultivar, area of cultivation, and time and year of harvest [188]. The
influence of cultivar, rural practice (or farming system), and growing region on polyphenolic
composition was studied in four apple cultivars in Italy [189]. The total polyphenolic content
and the majority of single polyphenols were higher in peel than in flesh. Procyanidins,
flavanols, and flavonols were predominant in peel (77 — 95%), whereas hydroxycinnamics,
anthocyanins, and dihydrochalcones were detected at lower concentrations. The cultivar
effect was the most important factor in determining the anti-radical activity [190]; ‘Golden
Delicious’ and ‘Annurca’ were reported to have the lowest and highest radical scavenging
activity respectively of all four cultivars analyzed. In another study, the polyphenolic content
of apple was measured using HPLC in eight cultivars in Canada [190]. Five groups were
described to be the main polyphenols in apples: hydroxycinnamic acids, flavan-3-

ols/procyanidins, anthocyanins, flavonols, and dihydrochalcones; mainly associated with
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sugar moieties including galactose, glucose, rhamnose, xylose, arabinose, and rutinose. The
highest concentration of polyphenols was detected in the peel of ‘Red Delicious’; whereas the
‘Mclntosh’ cultivar had the highest concentration for flesh. To our knowledge, there are no
studies in the United States and specifically in the state of Washington that analyze the
content of selected polyphenol of several apple cultivars at various harvest maturities and
harvest years, and with different fertility management alternatives and storage conditions.
Apple consumption has been linked to diverse health benefits. Apples have been
reported to reduce cardiovascular disease, asthma, pulmonary dysfunction, diabetes, obesity
and cancer [188]. In vitro studies demonstrated that apple components have anti-mutagenic
potential, modulate phase 1 and phase 2 carcinogen metabolism, inhibit cell proliferation,
induce apoptosis, inhibit signaling pathways involved in carcinogenesis, and have anti-
oxidant and anti-inflammatory properties [188]. However, an evaluation of these properties
has not been attributed to any specific component of the apple extracts. On the other hand, in
vivo studies showed reduction of tumors in mice with chemically-induced skin papillomas and
colon carcinogenesis, as well as in transgenic multiple intestinal neoplastia mice [188].
Finally, epidemiological studies demonstrated the cancer preventive potential of apples for
lung and colorectal cancer in the United States, Netherlands, Uruguay, and South Korea [188].
Evidence supporting the pharmacological activity in vitro of apple components in cancer,
inflammation, oxidation, and adipogenesis is available; however, the evaluation of apple
cultivars produced specifically in Washington is nonexistent. The importance of identifying
the disease prevention potential of apples produced in Washington relies on the possibility of

enhancing health and reducing healthcare cost due to consumption of beneficial polyphenols
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in apples and apple juices which can enhance the economic competitiveness of Washington

produce.

8.3 METHODS

8.3.1 HPLC Apparatus and Conditions

The HPLC system used was a Shimadzu HPLC (Kyoto, Japan), consisting of an LC-
10ATVP pump, a SIL-10AF auto injector, a SPD-M10A VP spectrophotometric diodearray
detector, and a SCL-10A VP system controller. Data collection and integration were
accomplished using Shimadzu EZ Start 7.1.1 SP1 software. The analytical column used was
Chiralcel® OD-RH column (150mm X 4.6mm i.d., 5-um particle size, Chiral Technologies
Inc., PA, USA) protected by a Chiralcel OD-RH guard column (0.4cm x Icm, 5-um particle
size). The mobile phase consisted of acetonitrile, water and phosphoric acid (30:70:0.04,
v/v/v), filtered and degassed. Separation was carried out isocratically at 25 + 1°C, a flow rate

of 0.4 ml/min, with ultraviolet (UV) detection at 292 nm.

8.3.2 Chemicals and Reagents

Diadzein, ellagic acid, hesperetin, kaempferol, quercetin, phloretin, naringenin, formic
acid, and B-glucuronidase from Helix pomatia Type-HP-2 were purchased from Sigma
Chemicals (St Louis, MO, USA). HPLC grade acetonitrile, methanol, and water were
purchased from J. T. Baker (Phillipsburg, NJ, USA). Phosphoric acid was purchased from

Aldrich Chemical Co. Inc. (Milwaukee, WI, USA).
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8.3.3 Stock and Working Standard Solutions

Diadzein, ellagic acid, fisetin, hesperetin, kaempferol, quercetin, phloretin, myricetin,
naringenin, and taxifolin solutions of 100.0 pg/ml were dissolved in methanol. Diadzein was
used as internal standard (IS). These solutions were protected from light and stored at -20°C
between uses, for no longer than three months. Calibration standard curves in water were
prepared daily from the stock solutions by sequential dilution yielding concentrations of 0.5,

1.0, 5.0, 10.0, 50.0 and 100.0 pg/ml of each compounds.

8.3.4 Plant and Juice Material

Five distinct apple cultivars found in the state of Washington were analyzed: ‘Gala’,
‘Golden Delicious’, ‘Red Delicious’, ‘Granny Smith’, and ‘Fuji’. The examined cultivars of
apple were obtained from local growers. Apples were collected from healthy, mature orchards,
representing cultivars that are important in Washington’s apple industry. Fruit of each cultivar
were harvested from exposed and shaded canopy locations over several dates, representing
different harvest maturities, during two years, 2005 and 2006. Depending upon the
commercial storage requirements of each cultivar, harvest samples were treated or not with
diphenylamine (DPA) or 1-methylcyclopropene (MCP), and stored in regular- and controlled-
atmosphere (RA and CA) storage under appropriate conditions of O,, CO,, and temperature.

Fruit from these harvest/storage treatments, along with matched at-harvest samples,
were separated into peel and flesh tissues and immediately frozen in liquid nitrogen either at
termination of the storage period or at harvest in the orchard. A second group of fruit removed
from storage was left on a laboratory bench at room temperature (20-25°C) for a week to

simulate shelf-life conditions, and then sampled and frozen as described. All samples were
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stored in an ultra-low temperature freezer (-80°C) until analyzed. Organic (Knudson and
Nantu brands) and conventional (Martinelli and Safeway brands) apple juices were purchased

from local grocery stores.

8.3.5 Sample Preparation

Extraction of ellagic acid, hesperetin, kaempferol, quercetin, phloretin, and naringenin
from Malus x domestica for analysis of selected polyphenolic content in the fruit peel and
flesh of all harvest/storage treatments and farming systems was accomplished as follows: 0.1
g of sample (peel or flesh) was measured and frozen under liquid nitrogen. Each sample was
prepared in duplicate; the frozen samples were placed into the extraction glass tube and 1.0 ml
of methanol was added. Extraction was performed for 1 minute using a Thomas tissue
grinder (Thomas Scientific, Swedesboro, NJ, USA). The extraction mix and the fruit tissue
were placed into a 2.0 ml Eppendorf tube, 0.5 ml of methanol was added to the extraction
glass for rinsing and combined with the extraction mix. A total volume of 1.5 ml was obtained
per extraction; the samples were vortexed for 30 seconds and centrifuged at 5,000 r.p.m. for 5
minutes. One of the duplicates was treated to extract only aglycones (free) and the second of
the duplicates was treated with B-glucuronidase from Helix pomatia Type HP-2 to cleave any
glycosides to aglycones (total) [147]. The supernatant of the free samples was transferred into
2.0 ml Eppendorf tubes, and 25.0 pl of IS was added, samples were vortexed for 10 seconds,
dried to completion under nitrogen gas using an analytical evaporator, and stored at 4°C
before analysis. The supernatant of the total samples was transferred into 15 ml conical tubes.
The total samples were dried to completion under nitrogen gas, then 1.0 ml of HPLC-grade

water, 110.0 ul 0.78 M sodium acetate-acetic acid buffer (pH 4.8), and 100.0 ul 0.1 M
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ascorbic acid were added. The samples were vortexed for 30 seconds, and incubated for 17 -
24 hours at 37°C in a shaking incubator following the addition of 200.0 pl of crude
preparation of B-glucuronidase from Helix pomatia Type HP-2. After incubation, 1.0 ml of
ice-cold acetonitrile was added to stop the enzymatic activity of B-glucuronidase, the samples
were vortexed for 10 seconds, and centrifuged at 5,000 r.p.m. for 5 minutes. The supernatant
was collected into 15 ml conical tubes and dried to completion under nitrogen gas using an
analytical evaporator after 25.0 ul of IS was added; and were subsequently stored at 4°C
before analysis. When all samples were ready for analysis, free and total samples were
reconstituted in 200.0 ul of mobile phase, vortexed for 30 seconds, and centrifuged at 5,000
r.p.m. for 5 minutes; 150.0 ul were injected into the HPLC system for analysis. Glycoside
content was calculated by subtracting the concentration of the free samples from the incubated
total samples. All compounds were quantitatively expressed on the basis of concentration per
fresh weight, as well as an estimate of total content in the edible portion of a 200 g apple.
Samples of conventional and organic apple juices were purchased from grocery stores
in the Moscow — Pullman area. One milliliter of apple juice was added into 15 ml conical
tubes corresponding to free and total duplicates. Three milliliters of HPLC-grade water were
added to all samples, followed by 25.0 ul of diadzein (IS) to the free samples only. Free
samples were dried to completion using a nitrogen evaporator, and stored at 4°C until process.
To the total samples, 330.0 ul 0.78 M sodium acetate-acetic acid buffer (pH 4.8), and 300.0 ul
0.1 M ascorbic acid were added, samples were vortexed for 30 seconds, and 600.0 ul crude
preparation of Helix pomatia glucuronidase type H-2 was added and gently mixed. Total
samples were incubated in a water bath at 37°C for 17-24 hours; 25.0 ul of IS were added,

followed by 3.0 ml of cold acetonitrile. Samples were vortexed for 30 seconds, centrifuged for
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5 minutes at 5,000 r.p.m. and the supernatant was collected into new eppendorf tubes, and
dried until completion under compressed nitrogen gas. The stored free samples were removed
from the refrigerator (4°C), and left at room temperature for 5 minutes. Free and total samples
were reconstituted at the same time, 400.0 pul of mobile phase was added to each sample,
samples were vortexed for 30 seconds, centrifuged for 5 minutes at 5,000 r.p.m. and the
supernatant was carefully transferred to HPLC vials; 150.0 pl of sample was injected into the

HPLC system for analysis.

8.3.6 Data Analysis

Quantification was based on calibration curves constructed using PAR of ellagic acid,
fisetin, hesperetin, kaempferol, quercetin, phloretin, myricetin, naringenin, and taxifolin to IS,
against ellagic acid, fisetin, hesperetin, kaempferol, quercetin, phloretin, myricetin, naringenin,

and taxifolin concentrations using unweighted least squares linear regression.

8.3.7 Pharmacological Activity of Apple Extracts
8.3.7.1 In vitro Anti-cancer activity

8.3.7.1.1  Chemicals and Reagents

Trypsin-Ethylenediamenetetraacetic acid (EDTA), trypan blue, phosphate-buffered
saline (PBS), 4-methylumbelliferone, resazurin, cell culture tested sodium carbonate, HEPES,
B-glucosidase, sodium pyruvate, McCoy’s 5SA medium, penicillin-streptomycin, and insulin
were purchased from Sigma (St. Louis, MO, USA). Dulbecco’s Modified Eagle

Medium/Nutrient Mixture F-12 Ham (DMEM/F-12) without phenol red and RMPI 1640
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medium were purchased from Gibco Industries Inc. (Langley, OK, USA). Fetal bovine serum
(FBS) was purchased from Equitech-Bio Inc. (Kerrville, TX, USA). Dimethyl sulfoxide
(DMSO) was purchased from Sigma Chemicals (St Louis, MO, USA). Apple samples were

obtained from Washington State Tree Fruit Research Commission.

8.3.7.1.2 Cell Culture

The experimental conditions were similar to those utilized in Chapter VI with minor
modifications. The cell lines used in these series of experiments were A-375 (human
malignant melanoma), HCT-116 (human colorectal carcinoma), MDA-MB-231 (Her-2/Neu
positive, estrogen negative breast adenocarcinoma), Hep-G2 (human hepatocellular
carcinoma), and PC-3 (prostate carcinoma). A-375 and Hep-G2 cells were maintained in 12.0
—15.0 ml DMEM medium; MDA-MB-231 and PC-3 cells were maintained in 12.0 — 15.0 ml
RPMI medium; and HCT-116 cells were maintained in 12.0 — 15.0 ml McCoy’s 5SA medium.
All cell lines were supplemented with 10% heat-inactivated FBS. The Hep-G2 cell line was
also supplemented with insulin (4.0 mg/ml). In addition, all cell lines were treated with
penicillin-streptomycin (10.0 mg/l). All cell lines were placed in 75 cm? tissue cell culture
flasks (15 cm x 8.5 cm x 3.5 cm, TPP, Switzerland), and incubated at 37°C in a 5% CO,
atmosphere using a Forma Scientific CO, water jacketed incubator from Thermo Scientific

(Waltham, MA, USA).

8.3.7.1.3  Cell Subculture and Cell Number

The experimental conditions for the cancer cell lines tested were similar to those

described in Chapter VI (Section 6.3.2.3).
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8.3.7.1.4 Anti-Cancer Models
Counted and seeded A-375, MDA-MB-231, HCT-116, HepG2, PC3, and SK-BR-3

cells were placed on 96-well plates, then incubated at 37°C in a 5% CO, atmosphere for 24
hours. On the day of the experiment, ‘Red Delicious’ apple extracts were dissolved in DMSO
and diluted with the corresponding media to yield concentrations of 1.0, 10.0, 50.0, 100.0,
250.0, 500.0, and 1,000.0 pg/ml. Media were aspirated from the wells, and cells were treated
with media containing ‘Red Delicious’ apple extracts (1.0 — 1,000.0 ug/ml); DMSO in media
and media alone were used as controls. Treated and control cells were incubated at 37°C in a

5% CO, atmosphere for 72 hours.

8.3.7.1.5  Description of the Alamar Blue Assay

After 72 hours incubation, the 96-well plates were removed from the incubator; 20.0
ul of 10% Alamar blue (resazurin) fluorescent dye was added to the control and treatment
groups in the 96-well plates; they were incubated at 37°C in a 5% CO, atmosphere for an
additional 3 hours. Following 3 hours incubation, the 96-well plates were placed in a
darkened environment for 30 minutes at room temperature; then placed into a Synergynt
multi-well plate reader using Gen 5 software from Biotek®. Fluorescence was read at an
excitation of 530 nm and an emission of 590 nm. The viable cell number (as a percent of
control) in each cell line was measured and for each cell line exposed to varying

concentrations of ‘Red Delicious’ apple extracts the ICsy was calculated.
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8.3.7.1.6  Data Analysis

Data were analyzed as mean percent of viable cells + standard deviation in Microsoft
Excel® (Microsoft Office Professional Edition, Copyright ©1985-2003 Microsoft
Corporation) and then graphed using Sigma Plot® software (Version 10.0, Build 0.0.54,
Copyright ©2006 Systat Software, Inc.). Next, the individual mean percent of viable cells was
modeled using the inhibitory effect model WinNonlin® (Version 5.2, Build 200701231637,
Pharsight WinNonlin copyright ©1998-2007) pharmacodynamic software. This model
allowed the calculation of the concentration that inhibits 50% cell viability (ICs) for each cell
line investigated. The ICsy values were obtained using the following equation:

E = Enai® (1- CHY(C + ICs))

" Viability
¥ Maximum viability
" Concentration

Data were expressed as the mean + standard error of the mean (S.E.M.) of ICsy values

across replicates.

8.3.7.2 In vitro Anti-inflammatory Activity

8.3.7.2.1 Chemicals and Reagents

Trypsin-ethylenediamenetetraacetic acid (EDTA), trypan blue, phosphate-buffered
saline (PBS), resazurin, cell culture tested sodium carbonate, 4-(2-hydroxyethyl-1-
piperazineethanesulphonic acid (HEPES), McCoy’s 5A medium, Debulcco’s modified
Eagle’s medium/nutrient mixture F-12 Ham (DMEM/F-12) without phenol red, penicillin-
streptomycin, and dimethyl sulfoxide (DMSO), and human recombinant interleukin-1f

expressed in Escherichia coli were purchased from Sigma (St. Louis, MO, USA). Fetal
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bovine serum (FBS) was purchased from Equitech-Bio Inc. (Kerrville, TX, USA). The
prostaglandin E, (PGE,) Direct Biotrak'™ Assay Kit was purchased from GE Healthcare
(previously Amersham Biosciences Corp., Piscataway, NJ, USA, catalog No. RPN222). The
Nitric Oxide Quantitation Kit was purchased from Active Motif (Carlsbad, CA, USA, catalog
No. 40020). The TNF-a (human) EIA Assay Kit was purchased from Cayman Chemical (Ann
Arbor, MI, USA, catalog No. 589201). The RayBio® Human MMP-3 ELISA Kit was
purchased from RayBiotech, Inc. (Norcross, GA, USA, catalog No. ELH-MMP3-001). The
sGAG Assay Kit was purchased from Kamiya Biomedical Company (Seattle, WA, USA,

catalog No. BP-004).

8.3.7.2.2 Cell Culture

The cell lines employed in this series of experiments were HT-29 (colon
adenocarcinoma) purchased from American Type Culture Collection (ATCC, Manassas, VA,
USA) and canine chondrocytes (CnC) purchased from Cell Applications, Inc. (San Diego, CA,
USA). HT-29 cells were maintained in McCoy 5A medium, and CnC cells were maintained in
DMEM/F-12 medium without phenol red. HT-29 cells were supplemented with 10% heat-
inactivated FBS and HEPES (6.0 g/1), and CnC were supplemented with 20% heat-inactivated
FBS. Both cell lines were additionally supplemented with penicillin-streptomycin (10.0 mg/1);

and incubated at 37°C in a 5% CO, atmosphere.

8.3.7.2.3  Cell Subculture and Cell Number
The subculture of HT-29 cells is discussed in Chapter VI, Section 6.3.3.3. A

percentage of confluency of 85 - 95% was desired for CnC cells. The optimal cell seeding
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number for CnC cells was chosen form the linear portion of the generated curve. CnC cells

were seeded at a density of 5,000 cells per well.

8.3.7.2.4  Anti-Inflammatory Models
8.3.7.2.4.1 In Vitro Arthritis Model

The employed method was adapted from previously described methodology [191]
with some modifications. For our in vitro arthritis model, canine chondrocytes (CnC) were
counted and seeded on 96-well plates. The seeded cells were incubated at 37°C in a 5% CO,
atmosphere for 24 hours.

Following incubation, medium from each well was aspirated, and cells were treated
with 100.0 ul of interleukin- 1B (IL-1B, 10.0 ng/ml); the 96-well plates were then incubated at
37°C in a 5% CO, atmosphere for 2 hours. On the day of the experiment, apple extracts were
dissolved in DMSO to yield concentrations of 1.0, 10.0, 100.0 and 250.0 pg/ml and serial
dilutions in medium were performed for free and total samples of apple peel and flesh tissues.
Following incubation, cells exposed to IL-1B were treated with 200.0 ul of medium
containing different concentrations of free and total preparations of peel and flesh from apples
(1.0 — 250.0 pg/ml) in triplicate. Control groups were treated with either DMSO diluted in
medium or medium alone. Treated and control groups were incubated at 37°C in a 5% CO,
atmosphere for 72 hours. After the 96-well plates were removed from the incubator, medium
from each group of triplicates was collected and stored at - 80°C until further analysis; the
desired biomarkers were measured within 72 hours.

Prostaglandin E, (PGE,) levels were measured using the prostaglandin E, (PGE;)

Direct Biotrak ™ assay kit. Assay buffer, lyophilized PGE, antibody, lyophilized horseradish
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peroxidase (HRP)-PGE, conjugate, wash buffer, 3,3’5,5’-tetramethylbenzidine (TMB)
substrate, lysis reagent 1, lysis reagent 2, and PGE, standard were prepared on the day of the
experiment following the manufacturer’s instructions. A serial dilution of the PGE, standard
was used to construct a standard curve. Assay blanks, standards and the collected media from
each treatment and control group were placed in the 96-well plate supplied in the kit and
incubated for 30 minutes at room temperature after the addition of lyophilized PGE, antibody.
PGE, from samples was measured using a Synergynt multi-well plate reader (Biotek®
Instruments Inc., Winnoski, VT, USA) using Gen 5 software from Biotek®. Absorbance was
read at 450 nm. The average optical density was calculated for each set of replicates. The
PGE,; content of the samples was compared to the percent bound for standards (%B/By).
Tumor necrosis factor-o (TNF-a) levels were measured within 72 hours using the
TNF-a (human) EIA Assay Kit. Assay buffer, wash buffer, TNF-a standard, sample matrix
blank, Ellman’s reagent, tween 20, non-specific mouse serum, human plasma, and TNF-a
acetyl cholinesterase: Fab’ conjugate (AChE:Fab’) were prepared on the day of the
experiment following the manufacturer’s instructions. A serial dilution of the TNF-a standard
was used to construct a standard curve. Assay blanks, controls, standards and the collected
media from each treatment and control group were placed in the 96-well plate supplied in the
kit, and incubated overnight at 4°C after AChE:Fab’ was added. The next day the plate was
developed using Ellman’s reagent. Standard wells needed to be visibly yellow for the plate to
be ready for TNF-a measurement. TNF-o content was measured using a Synergynt multi-well
plate reader (Biotek® Instruments Inc., Winnoski, VT, USA) using Gen 5 software from
Biotek®. Absorbance was read at 412 nm. The TNF-o content of CnC media samples was

compared to the standard curve.
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Nitric oxide (NO) levels were measured within 72 hours using the Nitric Oxide
Quantitation Kit. Assay buffer, nitrate reductase, cofactors, nitrate standard, nitrite standard,
and Griess reagent were prepared on the day of the experiment following the manufacturer’s
instructions. Serial dilutions were used to construct standard curves for nitrate and nitrite.
Assay blanks, controls, standards and the collected media from each treatment and control
group were placed in 96-well plates and incubated for 30 minutes at room temperature
following the addition of Griess reagent. NO content was measured using a Synergynt multi-
well plate reader (Biotek® Instruments Inc., Winnoski, VT, USA) using Gen 5 software from
Biotek®. Absorbance was read at 550 nm. The NO content of CnC media samples was
compared to the nitrate and nitrite standard curves.

Matrix metallopeptidase-3 (MMP-3) levels were measured within 72 hours using the
RayBio® Human MMP-3 ELISA Kit. Assay diluent buffer, wash solution, biotinylated anti-
human MMP-3 antibody, recombinant human MMP-3 standard, HRP-streptavidin solution,
3,3’,5,5 -tetramethylbenzidine (TMB)-One-Step substrate reagent, and stop solution were
prepared on the day of the experiment following the manufacturer’s instructions. A serial
dilution of the recombinant human MMP-3 standard was used to construct a standard curve.
Assay blanks, controls, standards and the collected media from each treatment and control
group were placed in the 96-well plate provided with the kit, and incubated overnight at 4°C
after the addition of biotilylated anti-human MMP-3 antibody. The next day the plate was
developed using HRP-streptavidin solution and TMB-One-Step substrate reagent. MMP-3
content was measured using a Synergynt multi-well plate reader (Biotek® Instruments Inc.,
Winnoski, VT, USA) using Gen 5 software from Biotek®. Absorbance was read at 450 nm.

The MMP-3 content of CnC media samples was compared to the standard curve.
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Sulphated glucosaminoglycans (sGAG) levels were measured within 72 hours using
the sGAG Assay Kit. Alcian Blue working solution, guanidine (Gu)-HCI, DMSO solution,
SAT solution, Gu-Prop solution, calibrators, and control (1.1 ml cartilage extract diluted in
water) were prepared on the day of the experiment following the manufacturer’s instructions.
The six different calibrators were used to construct a standard curve. Controls, standards and
the collected media from each treatment and control group were placed in eppendorf tubes
and incubated overnight at 4°C following the addition of Alcian Blue working solution. After
incubation, samples were centrifuged for 15 minutes at 12,000 r.p.m., and the pellet
resuspended in DMSO. The DMSO-resuspended samples were again centrifuged for 15
minutes at 12,000 r.p.m., and the new pellet resuspended in Gu-Prop solution. The content of
the samples in the eppendorf tubes was transferred to a 96-well plate in duplicate. sGAG
content was measured using a Synergynt multi-well plate reader (Biotek® Instruments Inc.,
Winnoski, VT, USA) using Gen 5 software from Biotek®. Absorbance was read at 595 nm.

The sGAG content of CnC media samples was compared to the standard curve.

8.3.7.2.4.2 In Vitro Colitis Model

The employed in vitro colitis model was adapted from previously described
methodology [153]. HT-29 (colorectal adenocarcinoma) cells were counted and seeded on 96-
well plates. The seeded cells were then incubated at 37°C in a 5% CO, atmosphere until they
reached monolayer confluency of 60 — 80% at 72 hours. Cells were then serum starved for 24
hours. On the day of the experiment, apple extracts were dissolved in 1.0 ul DMSO and serial
dilutions in 1.0 ml medium were performed; 0.2, 2.0, and 20.0 ug/ml samples of free and total

preparations of peel and flesh were prepared.
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The cells were divided into one of four groups: (1) cells treated with vehicle (1.0 pl
DMSO in 1.0 ml medium) in the presence of 250.0 ul TNF-a, (2) cells treated with vehicle
(1.0 ul DMSO in 1.0 ml medium) without TNF-a, (3) cells treated with the compounds (1.0 —
100.0 pg/ml) with 250.0 ul TNF-a, and (4) cells treated with the compounds (0.2 — 20.0
ug/ml) without TNF-a. Medium was aspirated from each well and then cells were treated with
the compounds or vehicle in triplicate. Depending on the group, either 250.0 ul TNF-a (20.0
ng/ml) in medium or 250.0 pl of blank media was added. Medium from each group of
triplicates was collected at 24 hours and stored at -80°C for further analysis; the desired
biomarkers were measured within 72 hours.

Prostaglandin E, (PGE,) levels were measured using the prostaglandin E, (PGE;)
Direct Biotrak™ assay kit. Assay buffer, lyophilized PGE, antibody, lyophilized horseradish
peroxidase (HRP)-PGE, conjugate, wash buffer, 3,3’5,5’-tetramethylbenzidine (TMB)
substrate, lysis reagent 1, lysis reagent 2, and PGE, standard were prepared on the day of the
experiment following the manufacturer’s instructions. A serial dilution of the PGE, standard
was used to construct a standard curve. Assay blanks, standards and the collected media from
each treatment and control group were placed in the 96-well plate supplied in the kit and
incubated for 30 minutes at room temperature after the addition of lyophilized PGE, antibody.
PGE, from samples was measured using a Synergynt multi-well plate reader (Biotek®
Instruments Inc., Winnoski, VT, USA) using Gen 5 software from Biotek®. Absorbance was
read at 450 nm. The average optical density was calculated for each set of replicates. The

PGE, content of the samples was compared to the percent bound for standards (%B/By).
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8.3.7.2.5 Description of the Prostaglandin E, (PGE;) Assay

The prostaglandin E, (PGE,) Direct Biotrak'™ assay kit was purchased from GE
Healthcare (previously Amersham Biosciences Corp., Piscataway, NJ, USA, catalog No.
RPN222). This competitive enzymeimmunoassay (EIA) system uses novel lysis reagents to
facilitate the extraction of PGE, from cell cultures without the need to remove the extracting
agents prior to measurement, ensuring PGE, is directly available for later analysis.
Intracellular PGE; is released after hydrolysis, and is later sequestered to ensure PGE; is free
for subsequent analysis. More details are available in the manufacturer’s instruction manual.
The concentration of PGE, was measured and the ICsy values were calculated for HT-29
colorectal adenocarcinoma and CnC canine chondrocyte cells exposed to varying

concentrations of ‘Red Delicious’ and ‘Golden Delicious’ apple extracts.

8.3.7.2.6  Description of the Tumor Necrosis Factor-o (TNF-o) Assay
The TNF-a (human) EIA Assay Kit was purchased from Cayman Chemical (Ann

Arbor, MI, USA, catalog No. 589201). This immunometric assay is based on a double-
antibody ‘sandwich’ technique. Each well of the plate supplied with the kit has been coated
with a monoclonal antibody specific for TNF-o, which will bind any TNF-a introduced into
the well. After being added to the well, AChE:Fab’ binds selectively to a different epitope on
the TNF-a molecule. The two antibodies form a ‘sandwich’ by binding on opposite sides of
the TNF-o molecule. The concentration of the analyte is determined by measuring the
enzymatic activity of AChE. Addition of Ellman’s reagent produces a yellow-colored product
which can be measured spectrometrically. More details are available in the manufacturer’s

instruction manual. The concentration of TNF-o was measured and the ICsy, values were
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calculated for HT-29 colorectal adenocarcinoma cells exposed to varying concentrations of

‘Red Delicious’ and ‘Golden Delicious’ apple extracts.

8.3.7.2.7  Description of the Nitric Oxide (NO) Assay

The Nitric Oxide Quantitation Kit was purchased from Active Motif (Carlsbad, CA,
USA, catalog No. 40020). This assay allows for the monitoring of nitric oxide production
based on nitrate and nitrite determination. In the cell, NO is eventually metabolized to nitrite
(NOy) and nitrate (NO53); therefore, to quantify total NO production the sum of both nitrite
and nitrate is commonly used. The addition of two cofactors to the nitrate reductase reaction
accelerates the conversion of nitrate to nitrite while simultaneously degrading excess NADPH
to NADP. Colorimetric determination can be directly measured by using the Griess reagent
without the need for lactate dehydrogenase treatment. More details are available in the
manufacturer’s instruction manual. The concentration of NO was measured and the ICs,
values were calculated for HT-29 colorectal adenocarcinoma cells exposed to varying

concentrations of ‘Red Delicious’ and ‘Golden Delicious’ apple extracts.

8.3.7.2.8  Description of the Matrix Metallopeptidase-3 (MMP-3) Assay
The RayBio® Human MMP-3 ELISA Kit was purchased from RayBiotech, Inc.

(Norcross, GA, USA, catalog No. ELH-MMP3-001). This assay uses a double-antibody
‘sandwich’ technique. The supplied 96-well plate is coated with an antibody specific for
human MMP-3. MMP-3 present in samples is bound to the wells by the immobilized antibody.
Then the biotilylated anti-human MMP-3 antibody is added; the two antibodies form a

‘sandwich’ by binding on opposite sides of the MMP-3 molecule. After the addition of TMB-
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substrate solution color develops in proportion to the amount of MMP-3 bound. The stop
solution changes the color from blue to yellow and the intensity of the color is measured
spectrometrically. More details are available in the manufacturer’s instruction manual. The
concentration of MMP-3 was measured and the ICsy, values were calculated for HT-29
colorectal adenocarcinoma cells exposed to varying concentrations of ‘Red Delicious’ and

‘Golden Delicious’ apple extracts.

8.3.7.2.9  Description of the Sulphated Glycosaminoglycans (sGAG) Assay
The sGAG Assay Kit was purchased from Kamiya Biomedical Company (Seattle, WA,

USA, catalog No. BP-004). This assay uses the dye Alcian Blue, a tetravalent cation with a
hydrophobic core commonly used as a histological tissue staining reagent. The ionic bonding
between cationic dyes such as Alcian Blue and the negatively charged GAGs are generally
proportional to the number of negative charges present as sulfated groups on the GAG chain
when performed at low pH and high ionic strength. More details are available in the
manufacturer’s instruction manual. The concentration of SGAG was measured and the ICsq
values were calculated for HT-29 colorectal adenocarcinoma cells exposed to varying

concentrations of ‘Red Delicious’ and ‘Golden Delicious’ apple extracts.

8.3.7.2.10 Statistical Analysis

All experiments were minimally repeated in duplicate; data are expressed as the mean
+ standard error of the mean (S.E.M.). Comparisons among control and treatment groups were

made using General Linear Model (GLM) ANOVA with Newman-Keuls multiple comparison
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test using NCSS Statistical and Power Analysis software (NCSS, Kaysville, UT, USA). With

all analyses a P < 0.05 was considered significant.

8.3.7.3 In vitro Anti-oxidant activity
8.3.7.3.1 Chemicals and Reagents
Dimethyl sulfoxide (DMSO) was purchased from Sigma (St. Louis, MO, USA). The
Anti-oxidant Assay Kit was purchased from Cayman Chemical Company (Ann Arbor, MI,

USA, catalog No. 709001).

8.3.7.3.2  Pre-Assay Preparations

On the day of the experiment, peel and flesh of ‘Red Delicious’ were dissolved in
DMSO to yield concentrations of 1.0, 10.0, 50.0, 100.0, 250.0, 500.0, and 1,000.0 ug/ml. The
assay buffer, chromogen, trolox and hydrogen peroxide were prepared on the day of the
experiment following the manufacturer’s instructions. A trolox standard curve was
constructed using a serial of dilutions. Controls, standards, and treatments at different
concentrations (1.0 — 1,000.0 pg/ml) were placed in 96-well plates and hydrogen peroxide
was used to start the oxidative reaction. The anti-oxidant activity of the compounds was
measured using a Synergynt multi-well plate reader (Biotek® Instruments Inc., Winnoski, VT,
USA) using Gen 5 software from Biotek® after five minutes of exposure to hydrogen peroxide.
Absorbance was read at 750 nm to decrease interference. The anti-oxidant capacity of ‘Red

Delicious’, apple extracts was compared to that of trolox.
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8.3.7.3.3  Description of the Anti-Oxidant Assay

The Cayman Anti-oxidant Assay Kit measures the total anti-oxidant capacity based on
the ability of the anti-oxidants in the sample to inhibit the oxidation of ABTS" to ABTS™.
For more details see the manufacturer’s instruction manual. The anti-oxidant capacity
expressed as trolox equivalent anti-oxidant capacity (TEAC) of extracts of ‘Red Delicious’

was measured and the ICsy values were calculated.

8.3.7.3.4  Statitistical Analysis

All experiments were repeated at least in duplicate; data are expressed as the mean +
standard error of the mean (S.E.M.). Comparisons among control and treatment groups were
made using General Linear Model (GLM) ANOVA with Newman-Keuls multiple comparison
test using NCSS Statistical and Power Analysis software (NCSS, Kaysville, UT, USA). With

all analyses a P < 0.05 was considered significant.

8.3.7.4 In vitro Anti-adipogenic Activity
8.3.7.4.1 Chemicals and Reagents
Trypsin-Ethylenediamenetetraacetic acid (EDTA), trypan blue, phosphate-buffered
saline (PBS), 4-methylumbelliferone, resazurin, cell culture tested sodium carbonate, HEPES,
sodium pyruvate, penicillin-streptomycin, and insulin were purchased from Sigma (St. Louis,
MO, USA). Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 Ham (DMEM/F-12)
without phenol red medium was purchased from Gibco Industries Inc. (Langley, OK, USA).

Fetal bovine serum (FBS) was purchased from Equitech-Bio Inc. (Kerrville, TX, USA). The
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Adipogenesis Assay kit was purchased from Cayman Chemical Company (Ann Arbor, MI,

USA, catalog No. 10006908).

8.3.7.4.2 Cell Culture

The experimental conditions for the 3T3-L1 cells (pre-adipocyte fibroblasts) were

similar to those described in Chapter VI (Section 6.3.7.2).

8.3.7.4.3  Cell Subculture and Cell Number

The experimental conditions were similar to those described in Chapter VI, Section

6.3.7.3.

8.3.7.4.4 Adipogenesis Model

The in vitro adipogenesis model using 3T3-L1 cells (pre-adipocyte fibroblasts) was
described in detail in Chapter VI, Section 6.3.7.4. Apple extracts were dissolved in DMSO to

yield concentrations of 0.2, 2.0 and 20.0 pg/ml.

8.3.7.4.5 Description of the Anti-adipogenic Assay

The Adipogenesis Assay kit uses a well characterized cell line often used to study the
differentiation of adipocytes. 3T3-L1 cells have been used to investigate insulin-induced
glucose uptake and mechanisms of obesity development. The fibroblast-like pre-adipocytes
undergo a series of morphological and biochemical changes, accumulating lipid droplets

during terminal differentiation. For more details see the manufacturer’s instruction manual.
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The anti-adipogenic activity expressed as the percentage of Oil Red O Stained Material
(OROSM) was measured and the 1Csy values were calculated for 3T3-L1 cells exposed to

varying concentrations of ‘Gala’ and ‘Red Delicious’ apple extracts.

8.3.7.4.6  Statistical Analysis

All experiments were repeated at least in duplicate; data are expressed as the mean +
standard error of the mean (S.E.M.). Comparisons among control and treatment groups were
made using General Linear Model (GLM) ANOVA with Newman-Keuls multiple comparison
test using NCSS Statistical and Power Analysis software (NCSS, Kaysville, UT, USA). With

all analyses a P < 0.05 was considered significant.

8.4 RESULTS AND DISCUSSION

8.4.1 Chromatography

Separation of ellagic acid, hesperetin, kaempferol, quercetin, phloretin, and R(+)- and
S(-)- naringenin, and the internal standard (IS) diadzein in apples was achieved successfully
(Figure 8.1). No interfering peaks co-eluting with the compounds of interest were detected
(Figs. 8.1.1). The retention times of ellagic acid, quercetin, phloretin, R(+)-naringenin, S(-)-
naringenin, hesperetin, and kaempferol were approximately 8, 31, 35, 43, 49, 60 and 70
minutes, respectively. The IS diadzein eluted at approximately 26 minutes (Fig. 8.1.2).
Optimal separation was achieved when the combination of acetonitrile, water and phosphoric
acid was 30:70:0.04 (v/v/v) and the flow rate 0.4 ml/min. The total run time of the method

was 80 minutes.
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Figure 8.1. Representative chromatographs of apple (Malus x domestica) samples. (1) Ellagic
acid, quercetin, phloretin, R(+)-naringenin, S(-)-naringenin, hesperetin, and kaempferol (10.0
pug/ml) in water (2) Compounds detected in an actual apple sample. Diadzein was used as
internal standard (IS) and it eluted at approximately at 26 minutes.

A peak adjacent to ellagic acid was serendipitously later identified to be (+/-)-taxifolin
after completion of this study, leading to studies in Chapter IV and V. (+/-)-Homoeriodictyol

and (+/-)-isosakuranetin were not identified in apples.

8.4.2 Polyphenol Content of Apples

8.4.2.1 Apple Cultivars

The content of ellagic acid, quercetin, phloretin, R(+)-naringenin, S(-)-naringenin, and
kaempferol was analyzed in five different apple cultivars: ‘Gala’, ‘Golden Delicious’, ‘Red
Delicious’, ‘Granny Smith’, and ‘Fuji’ from commercial apple orchards in North-Central
Washington in 2005 at harvest and after 3 — 6 months of controlled-atmosphere (CA) storage
(Low O», high CO,). For each set, half of the apples were sampled immediately after harvest

or after two weeks shelf-life at room temperature (RT). Both, the peel and flesh of apples
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were compared for their polyphenolic content in the five cultivars analyzed. The results of
four groups are presented: immediately after harvest (harvest, 0 weeks), and after two weeks
shelf-life RT (harvest, 2 weeks); and immediately after 3 — 6 months of CA storage (storage, 0
weeks) and after two weeks shelf-life RT (storage, 2 weeks).

Immediately after harvest (harvest, 0 weeks), ‘Gala’ and ‘Fuji’ were the cultivars with
the highest concentrations of total polyphenols followed by ‘Red Delicious’, ‘Golden
Delicious’, and ‘Granny Smith’ (Fig. 8.2 and Table 8.1). The content of polyphenols in all
apple cultivars was mostly as glycosides, similar to the results reported for tomatoes (Chapter
VII). In all the apple cultivars analyzed, the glycoside content in flesh and peel was between
3-fold and 7-fold higher than the aglycone content. Moreover, polyphenols have been
reported to be found in nature mostly as glycosides and other conjugates [6]. Furthermore,
these findings are in accordance with previous studies of apples in Italy [189].
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Figure 8.2. Content of selected polyphenols in five apple cultivars immediately after harvest
(harvest, 0 weeks): ‘Gala’ (G), ‘Golden Delicious’ (GD), ‘Red Delicious’ (RD), ‘Granny
Smith’ (GS), and ‘Fuji’ (F). Flavonoids were measured in both flesh and peel as aglycones
and glycosides and included: ellagic acid, quercetin, phloretin, R(+)-naringenin, S(-)-
naringenin, and kaempferol.
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Overall, peel tissue was found to have higher concentrations of total polyphenols when
compared to flesh in ‘Gala’ (4.1-fold), ‘Golden Delicious’ (2.9-fold), ‘Red Delicious’ (2.9-
fold), ‘Granny Smith’ (1.7-fold), and ‘Fuji’ (3.8-fold). These findings are in accordance with
previous reports that demonstrated polyphenols to be in higher concentrations in peel of apple
cultivars in Italy [189].

In ‘Gala’, ‘Golden Delicious’, ‘Red Delicious’, ‘Granny Smith’ and ‘Fuji’ ellagic acid
was predominant in flesh tissue. Likewise, in ‘Golden Delicious’, ‘Granny Smith’, and ‘Fuji’
ellagic acid was also predominant in peel tissue; only in ‘Gala’ and ‘Red Delicious’ quercetin
was predominant in peel tissue. On the other hand, R(+)-naringenin was reported to have the
lowest concentration in both peel and flesh of all apple cultivars except for peel of ‘Gala’ in

which S(-)-naringenin was found in the lowest concentration.
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Table 8.1. Concentration (mg/100 g FW) of ellagic acid, quercetin, phloretin, R(+)-
naringenin, S(-)-naringenin, kaempferol and the respective glycosides in flesh and peel tissue
samples of five apple cultivars immediately after harvest (harvest, O weeks): ‘Gala’, ‘Golden
Delicious’, ‘Red Delicious’, ‘Granny Smith’, and ‘Fuji’.

Compound {mg' 100 g FW) Gala Golden Delicious Eed Delicious Granny 3mith Fup

| Flesh  Peel Flesh Peel Flesh TFeol IFlesh FPeol 1Tlesh FPeel

Ellagic Acid Glycoside | 1880 5462 10.68 3905 | 2124 2397 [195%2 1957 | 2352 8376
Aglycone 1.20 16.18 1.48 1241 1.62 14.20 136 5.28 1.00 11.17
Total 20.00 70.80 12.16 5146 | 22.87 3616 |21.28 2485 | 2452 9493

Ouercetin Glycoside | 5.27 98.68 953 3342 4.25 £1.29 4.34 2075 | 783 6817
Aglycone 1.87 Bi2l 1.78 322 1.73 387 178 2.30 1.72 3.69

Total 714 101.89 11.31 36.64 598 65.16 611 2305 | 965 7185
Phloretin Glyceside | 323 5.84 2.07 931 2y 27.00 346 472 136 5.60
Aglycone 3.06 330 3.18 303 3 4.51 318 3.66 319 381
Total 629 9.14 525 13.85 567 3151 665 838 4.55 941

R-Naringenin  Glycoside 1.96 174 143 178 351 161 046 143 1.30 137
Aglycone 0.16 2.40 0.10 0.30 0.08 0.20 0.64 012 0.08 0.22
Total 212 4.13 1.58 2.07 359 182 111 1.55 1.38 1.59

S-Naringenin ~ Glvcoside 165 0.22 1.33 223 4.35 ) 0.25 1.66 1.23 1.88
Aglyeone 148 146 134 1:55 1.28 149 Ti5d 141 1.30 1.59
Total 313 1.68 2,67 33 5.63 4.28 1.76 307 259 347

Kaemp ferol Glycoside | 5.11 Zi5 03 5.14 6.45 6.18 1.24 6.23 5.96 4.85
Aglycone 302 0.54 0.97 1.22 089 1.30 146 098 1.03 111

Total 812 307 6.49 6.36 733 743 2.70 7.22 7.00 5.96
Total Glycosides 3601 16322 30.62 9154 | 4235 12284 |29.67 5437 | 4136 165.62
Total Aglycones 108 2749 885 22.63 8.7 2557 9.92 13.75 832 2159

TOTAL POLYPHENOLS | 46.79 190.71 3947 11417 | 51.06 14841 | 3960 68.12 | 4968 187.22

After two weeks shelf-life RT the polyphenol content of apples at harvest (harvest, 2
weeks) was measured (Fig. 8.3 and Table 8.2). ‘Red Delicious’ was the cultivar with the
highest total polyphenol concentration followed by ‘Gala’, ‘Golden Delicious’, ‘Fuji’, and
‘Granny Smith’. Samples were taken from different apple fruits immediately after harvest and
after two weeks; differences in the polyphenol content of individual apple fruits are expected.
However, the data were representative of the apples analyzed at harvest and after two weeks.
These results suggest that shelf-life may have an effect in the content of polyphenols in apples.

The content of polyphenols in all apple cultivars was determined to be found mostly as

glycosides. In the apple cultivars analyzed the glycoside content in flesh and peel was
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between 2-fold and 6-fold higher than the aglycone content. These findings are similar to the

polyphenol concentration reported immediately after harvest.
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Figure 8.3. Content of selected flavonoids in five apple cultivars after two weeks shelf life
RT (harvest, 2 weeks): ‘Gala’ (G), ‘Golden Delicious’ (GD), ‘Red Delicious’ (RD), ‘Granny
Smith’ (GS), and ‘Fuji’ (F). Flavonoids were measured in both flesh and peel as aglycones
and glycosides and included: ellagic acid, quercetin, phloretin, R(+)-naringenin, S(-)-
naringenin, and kaempferol.

Higher concentrations of total polyphenols were reported in peel compared to flesh in
‘Gala’ (3-fold), ‘Golden Delicious’ (2-fold), ‘Red Delicious’ (2.2-fold), and ‘Fuji’ (4.4-fold).
However, similar concentrations of total polyphenols were found in the peel and flesh of
‘Granny Smith’. The findings in ‘Granny Smith’ differ from the results reported immediately
after harvest in which peel had higher total polyphenol concentration than flesh.

Ellagic acid was predominant in peel and flesh of all apple cultivars except in peel of
‘Gala’, ‘Golden Delicious’ and ‘Red Delicious’ in which quercetin was predominant. The
S(-)-naringenin was reported to have the lowest concentration in peel of all the apple cultivars

studied. In comparison, R(+)-naringenin had the lowest concentration in flesh of all the apple

cultivars except ‘Gala’ in which S(-)-naringenin has the lowest concentration. These findings
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suggest possible isomerization of naringenin in some of the apple cultivars because
immediately after harvest R(+)-naringenin had the lowest concentrations in peel and flesh.
Nevertheless, all flavonoids have been reported to derive from the intermediate S(-)-
naringenin which can be oxidized into flavone or hydroxylated into 2R3R-dihydroflavonol
[192]. Substitution reactions may then proceed at any stage and lead to different polyphenol
products. These findings may suggest that when oxidation and hydroxylation reactions take
place; they reduce the concentration of S(-)-naringenin and subsequently form other
polyphenols [182,193]. These findings are the first of their kind in apples since naringenin has

not been previously reported in apples in the literature.

Table 8.2. Concentration (mg/100 g FW) of ellagic acid, quercetin, phloretin, R(+)-
naringenin, S(-)-naringenin, kaempferol and the respective glycosides in flesh and peel tissue
samples of five apple cultivars after two weeks shelf-life RT (harvest, 2 weeks): ‘Gala’,
‘Golden Delicious’, ‘Red Delicious’, ‘Granny Smith’, and ‘Fuji’.

Coempound (mgf 100 g FW) Gala Golden Delicious EedDelicious Granny Smith Fuji

Flesh  Peel Flesh Peel Flesh  Peel Flesh Peel Flesh  Peel

Ellagic Acid Glyeoside | 4002 31.26 46.52 3459 | 4627 3335 | 5118 2378 | 836 4901
Adycone 1.60 10.07 1.68 10.12 2.07 6.55 2.27 6.22 0.%6 770

Total 4162 4134 4321 44.71 | 4835 3990 | 5346 3000 [ 953 56.71
Quercetin Glycoside | 4.23 88.26 4.15 .10 724 7215 3.67 2585 | 455 5066
Aplycene 178 3.07 179 3.68 1.91 478 1.77 2.60 1.83 4.07
Total 6.03 91.33 594 71.78 915 76.94 543 2845 | 638 5473
Phloretin Glycoside 111 58.04 1.56 266 209 2199 2.15 313 186 4.17
Aglycone 32 3.36 3.18 348 321 3.67 3.09 358, 3.4% 579
Total 4.23 12.40 4.73 615 5.30 1566 524 6.72 535 7.96

R-Naringenin Hyeosde 1.08 165 052 130 051 295 RaD 129 030 169
Aglycone 0.58 2.53 0.61 2.17 07e 3.66 0.60 1.9¢ 0.42 2:52
Total 2.06 4.18 112 397 1.29 6.41 085 315 0.72 421

§-Naringenin Glycoside | 010 0.35 0.09 021 0.10 045 037 017 008 0.35
Aglycene 135 161 135 150 1.38 154 1.53 1.40 131 1.67
Total 144 1.96 145 170 1.48 2.4 190 157 1.38 2.02

Kaempferol Glyconds | 375 6.01 4.50 73| 4.81 5.24 4.98 5.65 4.80 5.55
Adlvcone 1.80 153 0.92 143 0395 177 1.04 114 126 116

Total 5,55 7.55 5.43 6.54 5.76 7.01 6.02 6.78 6.06 6.71
Total Glycosides 5029 13658| 5734 11846 | 6102 13598 |6261 5987 | 2015 111.4
Total Aglycones 1063  22.17 9.54 2238 | 1030 2237 |1029 1691 | 927 2090

TOTAL POLYPHENOLS | 60.92 158.75| 6688 14084 | 7132 15835 | 7290 76,8 | 2942 13234
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The content of polyphenols was analyzed after 3 — 6 months of CA storage (storage, 0
weeks). ‘Gala’ and ‘Golden Delicious’ were the cultivars with the highest concentrations of
total polyphenols followed by ‘Fuji’, ‘Red Delicious’, and ‘Granny Smith’ (Fig. 8.4 and
Table 8.3). All the apple cultivars studied demonstrated higher concentration of glycosides
compared to aglycone forms. The glycoside forms in peel and flesh were between 3.3-fold
and 12-fold higher than the aglycone forms. These findings are similar to the content of
glycosides immediately after harvest and after two weeks shelf-life.

Similarly, all polyphenols were found to be concentrated in peel which was also the
case in the analysis immediately after harvest and after two weeks shelf-life. The polyphenol
content in peel was higher in ‘Gala’ (1.7-fold), ‘Golden Delicious’ (3-fold), ‘Red Delicious’

(1.3-fold), ‘Granny Smith’ (2.6-fold), and ‘Fuji’ (3-fold) cultivars.
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Figure 8.4. Content of selected flavonoids in five apple cultivars after 3 — 6 months of CA
storage (storage, 0 weeks): ‘Gala’ (G), ‘Golden Delicious’ (GD), ‘Red Delicious’ (RD),
‘Granny Smith’ (GS), and ‘Fuji’ (F). Flavonoids were measured in both flesh and peel as
aglycones and glycosides and included: ellagic acid, quercetin, phloretin, R(+)-naringenin,
S(-)-naringenin, and kaempferol.
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Ellagic acid was predominant in both peel and flesh of all five cultivars, except for the
peel of ‘Red Delicious’ in which quercetin was predominant. In comparison, the lowest
polyphenol in both peel and flesh of all the apple cultivars studied was R(+)-naringenin.
These findings are in accordance with the results in the analysis of polyphenol content after

harvest and after two weeks shelf-life.

Table 8.3. Concentration (mg/100 g FW) of ellagic acid, quercetin, phloretin, R(+)-
naringenin, S(-)-naringenin, kaempferol and the respective glycosides in flesh and peel tissue
samples of five apple cultivars after 3 — 6 months of storage (storage, 0 weeks): ‘Gala’,
‘Golden Delicious’, ‘Red Delicious’, ‘Granny Smith’, and ‘Fuji’.

Compound (mgf 100 g FW) Gala Golden Delicious EedDelicious Granny Smith Fuj
Flesh  Peel Flesh Ped Flesh  Ped Flesh  Peel Flesh  Peel

Ellagic Acid Glycomde | 734% 8738 34.93 11700 5316 167% | 20034 6034 |2355 38278
Aglveone B 230 0.07 478 052 13.46 052 248 ooz 712

Total 7391 9668 35.00 121.79 | 5368 3025 | 2146 6281 |2358 B939
Cuer cetin Glv coside 2.25 4264 1.23 2542 1.86 4116 1.46 14775 | 246 2683
Adveone 295 341 300 362 2.50 513 2.96 368 293 367
Total 524 46.05 4.23 29.03 4.76 46.29 4.42 1844 | 540 3050
Phloretin Glyeoside 0.1% 4.38 1.62 305 1.96 363 1.52 101 180 185
Apglycone 063 0.59 0.61 1,d:l 0.58 1.24 0.5% 1.01 0.58 075
Total 0.832 537 222 4.16 254 437 211 2.02 2.38 261

R-Naringenin =~ Glvcoside 122 113 071 0.87 081 0.87 057 nél1 08D 083
Aglycone 079 0.88 0.82 0.50 0.79 0.58 0.84 1.02 0.81 0.85

Total 101 .01 153 175 159 195 141 163 161 179
S Naringenin ~ Glycoside 188 157 110 1.21 1.35 1.06 0.98 0.%8 116 141
Aglvcone 0770 078 072 0.92 0.69 $edd 073 083 o 073
Total 259 236 182 213 205 217 1.71 1.87 187 213

Kaemp ferol Gly coside 5al 378 241 B3 263 156 1.36 1 195 5
Aglveone 150 170 172 167 1.85 319 253 194 200 187

Total 6.71 548 4.13 4.90 4.48 4.75 4.49 433 3% 4.19
Total Glycosides 8425 14088 42.00 150.79 | 61.78 6517 | 2743 80.0§ |31.72 116.13
Total Aglvcones 703 17.07 6.94 12.99 733 23,1, 817 1102 | 706 1499

TOTALPOLYPHENOLS | 91.28 15795 48.94 163.77| 6911 9028 | 35.60 9110 |38.78 13111

Lastly, the polyphenol concentration was measured in samples of apples stored under
CA conditions after two weeks shelf life RT (storage, 2 weeks). ‘Gala’ was the cultivar with

the highest concentration followed by ‘Red Delicious’, ‘Golden Delicious’, ‘Fuji’ and
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‘Granny Smith’ (Fig. 8.5 and Table 8.4). The content of polyphenols in ‘Gala’, ‘Golden
Delicious’, ‘Red Delicious’, and ‘Granny Smith’ apple cultivars was mostly evident as
glycosides. The glycoside content in flesh and peel of these apple cultivars was between 3-
fold and 12-fold higher than the aglycones. However, the aglycone content was higher than
the glycoside content in peel of the ‘Fuji’ cultivar. These findings are unexpected since
greater concentrations of glycosides were measured in ‘Fuji’ after CA storage. This kind of
conversion has only been reported in transgenic apples [194]. Therefore, further studies are
necessary to fully comprehend this variation and instability of the glycoside forms in this

cultivar.
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Figure 8.5. Content of selected flavonoids in five stored apple cultivars of after 2 weeks shelf
life (storage, 2 weeks): ‘Gala’ (G), ‘Golden Delicious’ (GD), ‘Red Delicious’ (RD), ‘Granny
Smith’ (GS), and ‘Fuji’ (F) conditions. Flavonoids were measured in both flesh and peel as
aglycones and glycosides and included: ellagic acid, quercetin, phloretin, R(+)-naringenin,
S(-)-naringenin, and kaempferol.

Higher concentrations of ellagic acid were demonstrated in both peel and flesh of all
apple cultivars which is in accordance with the findings in the other three treatments studied.

Unlike what was reported for the polyphenolic content in apples at harvest and after storage,
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most of the apple cultivars exhibited phloretin as the polyphenol with the lowest
concentrations. R(+)-naringenin was the polyphenol with the lowest concentration in peel of
‘Gala’, ‘Granny Smith’, and ‘Fuji’. In addition, S(-)-naringenin had the lowest concentration
in peel of ‘Golden Delicious’ and flesh of ‘Red Delicious’.

Phloretin had the lowest concentrations in peel of the majority of apple cultivars.
Phloretin is formed in apples by chalcone synthase activity [195] from naringenin precursors.
These findings suggest that in some apple cultivars the formation of naringenin was favored
over the formation of phloretin. Nevertheless, the knowledge of the biosynthetic pathways of
dihydrochalcones (the class to which phloretin and naringenin belong) remains limited [195].
Further studies are necessary to understand the biosynthetic pathway possibly responsible for

the differences after two weeks shelf-life of stored apples.
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Table 8.4. Concentration (mg/100 g FW) of ellagic acid, quercetin, phloretin, R(+)-
naringenin, S(-)-naringenin, kaempferol and the respective glycosides in flesh and peel tissue
samples of five stored apple cultivars after two weeks shelf-life (storage, 2 weeks): ‘Gala’,
‘Golden Delicious’, ‘Red Delicious’, ‘Granny Smith’, and ‘Fuji’ (mean values).

Compound {mg/ 100 g FW) Grala Golden Delicious | Eed Delicious Granny Smith Fujt

Flesh  Peel Flesh Peel Flesh  Peel Flesh  Peel Flesh Peel

Ellagic Acid Glycoside | 4370 13754 60.04 85.80 | 3843 10087 | 1352 7444 | 10765 1065
Aglycone 7.01 10.54 0.28 399 0.71 8.75 0.85 4.87 0.64 8.91

Total 56.71 14808 | 60.32 89.79 | 39.14 10962 | 1437 7930 | 10829 1955
Quercetin Glyceside I 3433 1.61 31 236 3162 2.68 983 23.15 119
Aglycone RIS 9.93 2.99 355 3m 4.4 2083 345 316 4.03
Total 4.30 44.27 4.60 37.65 537 3565 | 561 13.29 26.31 523
Phloretin Glycoside | 076 0.08 0.003 285 2.04 0.06 200 0.04 315 D65
Aglycone 0.62 1.18 0.60 092 0.60 0.%4 0.58 0.86 073 0.75
Total 1.38 1.26 061 3.76 2.64 1.00 259 0.9 387 1.40

R-Narin genin Glyceside | 0.56 073 069 098 0.90 165 n.g2 0.80 161 0.55
Aglyocone 084 101 083 085 0.84 079 081 086 084 091
Total 1.39 1.74 152 183 1.74 2.4 162 1.66 246 145

S-Naringenin Glyceside | 0.93 0.92 1.07 078 1.43 1.79 1.24 0.93 2.08 075
Adlycene 074 123 073 077 0.73 116 07z 0.%0 A5k 072
Total L67 215 181 1.55 2.16 295 1.96 183 284 147

Kaemvpferol Glvceside | 209 327 218 20 2.65 4.63 2.56 2.29 350 2019
Aglycone 1.62 1.78 179 1.64 1.61 2.4 174 2.4 1.54 1.88

Total 370 5.05 398 366 4.26 6.67 430 4.33 504 4.07
Total Glvcosides 5521 17687 6560 12652| 4781 14062 | 2282 8833 | 14115 1597
Total Aglvcones 1395 2569 7.24 11.72 7.50 17.71 | 763 12.99 7.66 1720

TOTAL POLYPHENOLS | 6915 202.56| 72.84 138.24| 5531 135833 | 3045 10132| 14881 33.17

In summary, the polyphenol content of ‘Gala’, ‘Golden Delicious’, ‘Red Delicious’,
‘Granny Smith’, and ‘Fuji’ is higher in peel than in flesh as previously reported in apple
cultivars in Italy [189]. Moreover, the polyphenols analyzed were mostly found as glycosides,
similar to previous studies of apples, and to the reported findings in tomatoes (Chapter VII).
Of all the polyphenols studied, ellagic acid and R(+)-naringenin had the highest and lowest
concentrations, respectively in most of the apple cultivars at harvest and after CA storage. To

our knowledge, this is the first report of naringenin enantiomeric content in apples.
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8.4.2.2 Storage Conditions and Farming System

The content of selected flavonoids was measured in ‘Gala’ apples obtained from a
research site on a commercial orchard in Washington state. The content of ellagic acid,
quercetin, phloretin, R(+)-naringenin, S(-)-naringenin, and kaempferol was assessed in apples
in the aglycone and glycosylated forms and the content of these flavonoids was compared
between apples sampled at harvest and after being stored under controlled-atmosphere (CA)
conditions and between apples grown using conventional and organic farming systems (Fig.
8.6). Conventionally grown apples showed no difference in the total content of selected
polyphenols at harvest and after CA storage. On the other hand, organically grown apples
showed higher content of these selected polyphenols after CA storage when compared to the
content of polyphenols at harvest. Previous studies have demonstrated the effect of storage in
the polyphenol content of apples to be similar to what is reported for the organic apples
[196,197]. Postharvest storage was reported to increase the anti-oxidant activity in correlation
with an increase of the concentration of polyphenols, in particular in the cultivar ‘Annurca’.
The genetic characteristics of the ‘Annurca’ cultivar as well as the harvest time were
suggested to be involved in the increase of polyphenol content. Therefore, further studies are

necessary to characterize the genetic and metabolomic profile of organic apples.
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Figure 8.6. Content of selected flavonoids in conventionally and organically grown apples at
harvest and under control-atmosphere (CA) storage conditions. Flavonoids were measured as
aglycones and glycosides and included: ellagic acid, quercetin, phloretin, R(+)-naringenin,
S(-)-naringenin, and kaempferol.

The concentrations of ellagic acid, quercetin, phloretin, R(+)-naringenin, S(-)-
naringenin, kaempferol and their glycosides at harvest and after CA storage are summarized
in Table 8.5. Quercetin glycoside and ellagic acid glycoside were the polyphenols in the
glycosylated form with the highest concentrations in both conventionally and organically
grown apples at harvest and after storage followed by kaempferol glycoside, phloridzin, R(+)-
naringin, and S(-)-naringin. The aglycone with the highest concentration was ellagic acid at
harvest and after storage followed by quercetin R(+)-naringenin, kaempferol, S(-)-naringenin,
and phloretin regardless of the method of storage or farming system. Of all the polyphenols
analyzed, only quercetin and phloridzin have been previously described in apple extracts

[189,190]. Overall, the glycoside form of all six flavonoids was 3-fold to 4-fold higher than

the aglycone form. These findings are in accordance with previously reported results of
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analysis of apple polyphenol content that described polyphenols to be mainly associated with

glycosylated sugar moieties [190].

Table 8.5. Concentration (mg/100 g FW) of ellagic acid, quercetin, phloretin, R-naringenin,
S-naringenin, kaempferol and the respective glycosides in conventionally and organically
grown apples (mean + S.E.M.).

Compound ng/100 g FWhH Conventional Crgamc
Harvest CA Harvest CA
Ellagic Acid Glycoside 14.70 2261 1351 2269
Aglycone 745 667 979 371
T otal 22.15 19.28 2330 31.40
Juercetin Glycoside 36.53 agay 3793 £3.87
Aglycone 491 240 ERER: 270
T otal 41.44 3297 41.30 .57
Phloretin Glycoside 2.92 398 2ia0 406
Aglycone 1.00 101 102 104
T otal 392 499 as57 5.10
B-Naringenin Glycoside 0.97 131 076 1.14
Aglycone 2:35 2.29 231 226
T otal i32 as0 307 340
S-Naringenin Glycoside 1.5% 1.04 0.35 107
Lglycone 122 132 128 119
T otal 279 236 183 226
Kaempferol Glycoside 297 372 2.81 505
Aglycone 1.68 1.59 1.60 166
T otal 4.65 531 4.41 4.78
Total Glycosdes 59.66 62.23 5811 95.35
Total Aglycones 18.61 16.28 1937 23.56
TOTAL POLYFHENOLS 78.27 78.51 7748 118.91

8.4.2.3 Apple Juices

The content of selected polyphenols was also studied in conventional and organic
apple juices. Juices were purchased from local grocery stores and analyzed as described in
section 8.3.5. Conventional juices showed similar content of total polyphenols; whereas, the
organic brand Knudsen showed total polyphenols concentration 1.6-fold higher than the other

brand of organic juice, Nantu (Fig. 8.7 and Table 8.6). Similar to what was seen in fresh
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apples, the predominant polyphenol was ellagic acid in three of the four juices studied. Only
in Knudsen juice (organic) the content of kaempferol was predominant. The polyphenol with
the lowest concentration was S(-)-naringenin. Previous reports of isomerization after food
processing have been reported in vegetables [198]. This process may explain some of the

differences seen at the lowest concentrations of fresh apples and apple juices.
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Figure 8.7. Content of ellagic acid, quercetin, phloretin, R(+)-naringenin, S(-)-naringenin,
kaempferol and the respective glycosides in conventional and organic apple juices.

Higher concentrations of glycosides were seen both in organic and conventional juices.
The glycoside content of apple juices was between 2.2-fold and 3.5-fold higher than the
aglycones. Lower concentrations of total polyphenols in juices compared to fresh fruit were
observed. These findings are in accordance with previous studies in which oxygenation during

processing was demonstrated to significantly reduce all classes of polyphenols [199].
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Table 8.6. Concentration (mg/100 g FW) of ellagic acid, quercetin, phloretin, R-naringenin,
S-naringenin, kaempferol and the respective glycosides in conventional and organic apple
juices (mean values).

Compeound (ngi100 g TR Conventi onal Organic
Martinelli Safeway Enudsen Nantu
Ellagic Add Glycoside 1202 104% 944 9.06
Aglycone 257 2.61 358 308
Total 14.59 13.10 13.02 1214
Querc etin Glycoside 446 3.40 675 490
Aglycone 245 2.24 299 261
T otal 691 1064 9.74 751
Phloretin Glycoside 271 274 469 141
Aglycone 2.20 2.18 Dines 2.24
T otal 491 4.92 702 365
R-Naringenin Glycoside 0s9 1.42 1.14 1.03
Aglycone 027 0.29 045 0.4z
Total 116 1.71 160 145
S-Naringenin  Glycoside 0.93 1189 098 0.92
Aglycone nos 0.16 019 0.16
T otal 102 1.35 117 1.08
Kaempferol Glycoside 781 679 1929 2.04
Aglycone 1.60 1.28 2.04 1.96
Total 941 8.16 21.33 8.00
Total Glycosdes 28.82 3lo2 42.29 2336
Total Aglycones 913 3.36 11.58 1048
TOTAL POLYPHENOLS 38.00 3988 53.87 3332

The content of polyphenols in apple juices has been previously reported [200-204].
However, to our knowledge this is the first time the stereospecific content of naringenin is

reported in apple juices.

8.4.3 Pharmacological Activity of Apple Extracts

8.4.3.1 In vitro Anti-cancer Activity

The Alamar blue (resazurin) fluorescent cell viability measurement is an easy and

accurate assay to determine the cytotoxicity of many cell lines. Viable cells are capable of
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metabolizing the non-fluorescent dye resazurin into its fluorescent counterpart, resorufin; on
the other hand, metabolism of resazurin in non-viable cells is not achieved. The fluorescence
emission can be quantified using a plate reader and the number of viable cells after treatment
can be determined.

Flesh and peel samples of ‘Red Delicious’ apple were treated with and without [3-
glucuronidase from H. pomatia type HP-2 to release the sugar groups from the glycoside
forms which increased the available aglycones. The apple extracts of flesh and peel tissue of
‘Red Delicious’ demonstrated concentration-dependent anti-cancer activity (Fig. 8.8 and 8.9).
Extracts of the flesh of ‘Red Delicious’ apple that did not receive B-glucuronidase treatment
(free samples) showed greater reduction in the number of Hep-G2 liver cancer cells (ICso =
245.09 + 30.50 ug/ml); whereas, they showed least effect in PC-3 prostate cancer (2.67E05 +
537.41 pg/ml) and HCT-116 colon cancer (2.05E05 £ 512.09 pg/ml) cell lines (Fig. 8.8.1 and
Table 8.7). On the other hand, extracts of the flesh of ‘Red Delicious’ apple that underwent
treatment with B-glucuronidase from H. pomatia type HP-2 (total samples) to cleave any
glycosides into aglycones showed greater reduction in the number of MDA-MB-231 breast
cancer cells (250.05 + 81.02 pg/ml), and demonstrated least effect in PC-3 prostate cancer

cells (1.59E0S + 421.75 pg/ml) (Fig. 8.8.2).
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Figure 8.8. Effects of flesh ‘Red Delicious’ apple extracts treated without (free) (1) and with
(total) (2) B-glucuronidase from H. pomatia type HP-2 in the viability of five different cancer
cell lines (n =4, mean £ S.E.M.).

The apple extracts of peel tissue of ‘Red Delicious’ demonstrated concentration-
dependent anti-cancer activity (Fig. 8.3). Extracts of the peel of ‘Red Delicious’ apple that did
not receive B-glucuronidase treatment showed greater reduction in the number of MDA-MB-
231 breast cancer cells (96.15 + 12.24 pg/ml); whereas, they were demonstrated least effect in
PC-3 prostate cancer cell lines (4.95E04 + 740.73 pg/ml) (Fig. 8.3.1).

Similar results were obtained with extracts of the peel of ‘Red Delicious’ apple that
underwent treatment with B-glucuronidase from Helix pomatia type HP-2; the anti-cancer
effect was more effective in A-375 melanoma (9.80 = 1.30 pg/ml) and least effective in PC-3

prostate cancer (5.69E04 + 513.14 ug/ml; Fig. 8.3.2 and Table 8.7).
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Figure 8.9. Effects of peel ‘Red Delicious’ apple extracts treated without (free) (1) and with
(total) (2) B-glucuronidase from H. pomatia type HP-2 in the viability of five different cancer
cell lines (n = 4, mean + S.E.M.).

Table 8.7. 1Cs5y values (ug/ml) of ‘Red Delicious’ apple extracts treated with (total) and
without (free) B-glucuronidase across different cancer cell lines (n = 4, mean + S.E.M.). a, P <
0.05, free vs. total; b, P < 0.05, flesh vs. peel.

Apple Tissue [f-glucoronidase Cell line ICsg (ng'ml)
Cultivar Treatment {Y/I)

Red Delicious | Flesh i) 4375 1 85E+03 £ 276 67
HCT-116 2 05E+05 £ 512053
Hep-G2 245.09 £ 30,50
ME-MD A-231 2 23F+03 + 250 51%F
PC-3 2 E7EH05 £ 537.41%0

Red Delicious | Flesh Y A-375 980 60 £ 82 14
HCT-116 97070 £ 40 50
Hep-G2 510,10+ 76.01%%
MB-MD A-231 25005 £ 31,020
T 1.59E+05 £ 421 75

Red Delicious | Pzl ) 4375 480,76 + 44 062
HCT-116 3 S0E+04 + 750 682
Hep-G2 490.19 + 50.712"
ME-MD A-231 9615+ 12248
PR 4 95E+04 £ 750,73

Red Delicious | Peel T A-STS 9EIE1.30
HCT-116 462093+ 2342
Hep-G2 100,23 £ 853
MB-MD A-231 10,01 £ 148
PR 5 69E+M + 513.14°
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The cancer preventive activity of apples or apple components in vitro and in vivo has
been previously reported [188]. Apple components have been described to have anti-
mutagenic potential by modulation of phase 1 and 2 carcinogen metabolism, inhibition of cell
proliferation and cancer signaling pathways, as well as apoptosis induction [205-208]. Apple
extracts demonstrated to reduce the activity of CyplAl (cytochrome P450, family 1,
subfamily A, polypeptide 1) in Caco-2 colon cancer cells. Likewise, quercetin was reported to
be a CyplAl inhibitor. CyplAl plays a role in drug metabolism of intestinal cells by
activating certain chemical carcinogens, i.e. polycyclic aromatic hydrocarbons, and inhibition
of CyplAl may contribute to the chemopreventive properties described for apple extracts
[208]. Apple extracts were shown to inhibit cell growth; polyphenols and triterpenoids in
apple peel demonstrated inhibition of Hep-G2 liver cancer and Caco-2 colon cancer cell
proliferation [207]. It was suggested that the effect of polyphenols on cell growth was due to
the production of hydrogen peroxide (H,O,) [209]; however, it was later demonstrated that
H,0,; formation occurred only in bicarbonate-buffered solutions [210]. Addition of HEPES to
the media was sufficient to avoid H,0O, production [188]. Fridrich et. al. demonstrated that
apple polyphenols diminished the phosphorylation of the epidermal growth factor (EGF)
receptor in HT-29 colon carcinoma cells; therefore, inhibiting cancer signaling pathways
[206]. The effect of apple extracts in the induction of apoptosis was investigated by Chen et.
al [205]. Apple extracts inhibited 20S proteasome activity associated with cancer cell
apoptosis. In vivo studies have shown that polyphenol-rich apple extracts are effective and
safe in reducing tumors in chemically-induced peel papillomas and colon carcinogenesis in
mice. Likewise, polyphenols in apples have shown anti-cancer activity against multiple

intestinal neoplasia in transgenic mice [188]. These findings are limited to studies of apples
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in Germany. In the United States, studies have been performed with apples grown in New
York and Michigan, but since the content and composition of polyphenolic compounds in
apples may be dependent on factors including the area of cultivation, studies of Washington
State apples are relevant to our understanding of the relationship between polyphenolic
content and anti-cancer activity. To our knowledge, the biological activity and content
analysis of apple extracts has not been investigated in apple cultivars in the state of
Washington. Similarly, no studies have compared the effects of different apple cultivars in
different in vitro cancer cell models.

In summary, the apple extracts of flesh and peel tissues of the ‘Red Delicious’ cultivar
demonstrated concentration-dependent anti-cancer activity. Peel was more effective in
inhibiting cell growth than flesh regardless of the cell line analyzed. Extracts in which the
glycosides were cleaved using B-glucuronidase demonstrated higher inhibition of cancer cell

growth than extracts without the treatment.

8.4.3.2 In vitro Anti-inflammatory Activity

Apples have been reported to inhibit COX-1 and COX-2 activity [211,212]. Apple
juice extracts have also been tested for their anti-inflammatory activity; phloretin and (-)-
epicatechin were the most potent COX-1 inhibitors [212]. In another study, apple extracts of
fresh apples were tested for their role in the inhibition of nuclear factor (NF)-xB activation
which is involved in chronic inflammatory diseases [211]. Exposure of human umbilical
vascular endothelial cells (HUVECsS) to 20, 200, and 2,000 nM of apple extracts resulted in
reduced P-IxBa expression [211]. The inhibition of COX in turn reduces prostaglandin (PG)

levels. Excess PGs can cause cellular injury and uncontrolled inflammation. In vitro studies
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have demonstrated the anti-inflammatory activity of some apple components [188].
Nevertheless, studies that compare the effect of different apple cultivars grown in the state of

Washington in arthritis or colitis models are nonexistent.

8.4.3.2.1 Invitro Arthritis Model

No study to date has reportedly used a chondrocyte (CnC) model to measure the anti-
inflammatory activity of apples or apple components in arthritis. However, pterostilbene, a
natural compound found in grapes and blueberries has been reported to decrease the level of
some inflammatory mediators — i.e. MMP-3, sGAG, and TNF-a — in chondrocyte cells [153].

In order to begin exploration of pathogenic mechanisms involved in rheumatoid
arthritis, certain mediators were measured including PGE,, TNF-a, NO, sGAG, and MMP-3.
The effect of ‘Red Delicious’ and ‘Golden Delicious’ apple extracts in PGE, levels produced
by chondrocyte cells was evaluated (Fig. 8.10 and Table 8.8). The chondrocyte controls
produced low PGE; levels (0.44 + 0.02 ng/ml) compared to chondrocytes treated with IL-1
(0.69 £ 0.01 ng/ml). The extracts of flesh and peel of ‘Red Delicious’ and ‘Golden Delicious’

reduced PGE; levels in a concentration-dependent manner.
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Figure 8.10. Prostaglandin E, (PGE,) production in the chondrocyte cell culture medium at
72 hours after treatment with (1) flesh and (2) peel extracts from ‘Red Delicious’ and ‘Golden
Delicious’ apple extracts treated with (total) and without (free) B-glucuronidase (n = 3, mean
+ S.E.M.). Values are expressed as ng/ml. The line represents the baseline level in which
chondrocyte cells have not been exposed to inflammatory insult.

Extracts of peel of ‘Golden Delicious’ that received the B-glucuronidase from H.
pomatia type HP-2 treatment demonstrated to be the most effective in reducing PGE; levels in
chondrocytes (442.85 + 57.72 ug/ml; Table 8.8).

Table 8.8. 1Csy values (ug/ml) of ‘Red Delicious’ and ‘Golden Delicious’ apple extracts

treated with (total) and without (free) B-glucuronidase for PGE, reduction in chondrocyte
cells (n = 3, mean + S.E.M.). a, P < 0.05, free vs. total; b, P < 0.05, flesh vs. peel.

Apple Cultivar | Tissue  [i-glucoronidase ICs (ng/ml)
Treatment {Y/T)

Red Delicious Flesh H L9285 £83.21

T 53571 £42.36

Feel I 52143 £ 3652

T STR ST 6734

Golden Delicious | Flesh H 47058 £42.36
3 635.71 + 92,893

FPeel i) 52205 £ 3229

T 442 85 £ 5772

The effect of ‘Red Delicious’ and ‘Golden Delicious’ apple extracts in TNF-o levels

produced by chondrocyte cells was evaluated (Fig. 8.11). The untreated controls exhibited
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low concentrations of TNF-a (7.45 £+ 0.28 pg/ml) compared to chondrocytes treated with 1L-

1B (8.88 + 0.07 ng/ml).
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Figure 8.11. Tumor necrosis factor-a (TNF-a) production in the chondrocyte cell culture
medium at 72 hours after treatment with (1) flesh and (2) peel extracts from ‘Red Delicious’
and ‘Golden Delicious’ apple extracts treated with (total) and without (total) B-glucuronidase
(n = 3, mean £+ S.E.M.). Values are expressed as pg/ml. The line represents the baseline level
in which chondrocyte cells have not been exposed to inflammatory insult.

‘Red Delicious’ and ‘Golden Delicious’ extracts of peel and flesh did not have a clear
effect in TNF-a levels. At some concentrations the treatment with apple extracts increased
TNF-a levels; whereas, an increase in TNF-a levels was observed at 10.0 and 100 pg/ml of
apple extract treatment. These findings suggest an anti-inflammatory effect with the reduction
of PGE,; levels but not TNF-a levels by the ‘Red Delicious’ and ‘Golden Delicious’ apple
extracts.

Furthermore, the effect of ‘Red Delicious’ and ‘Golden Delicious’ apple extracts in
reducing experimental chondro-degeneration in vitro was evaluated. The effect of ‘Red

Delicious’ and ‘Golden Delicious’ apple extracts on NO (as nitrite) levels produced by

chondrocyte cells was evaluated (Fig. 8.12). The chondrocyte controls produced low nitrite
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levels (5.48 = 0.03 uM) due to the constitutive nitric oxide synthase compared to
chondrocytes treated with IL-1p (8.68 + 0.13 uM). Neither ‘Red Delicious’ nor ‘Golden
Delicious’ apple extracts showed an effect on NO synthesis in this in vitro arthritis model.
Moreover, the extracts exhibited a slight increase in nitrite production at all concentrations of

apple extracts studied.
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Figure 8.12. Nitric oxide (NO) production in the chondrocyte cell culture medium at 72
hours after treatment with (1) flesh and (2) peel extracts from ‘Red Delicious’ and ‘Golden
Delicious’ apples (n = 3, mean + S.E.M.). Values are expressed as uM. The line represents the
baseline level in which chondrocyte cells have not been exposed to inflammatory insult.

The effect of ‘Red Delicious’ and ‘Golden Delicious’ apple extracts on MMP-3 levels
produced by chondrocyte cells was evaluated (Fig. 8.13). The untreated controls exhibited
low concentrations of MMP-3 levels (0.033 + 0.001 ng/ml) compared to chondrocytes with
IL-1pB (0.084 + 0.0003 ng/ml). The flesh extracts of ‘Golden Delicious’ and ‘Red Delicious’
increased the MMP-3 levels in chondrocytes at high concentrations (100.0 and 250.0 pg/ml).
However, at low concentrations (1.0 and 10.0 pg/ml), the apple extracts decreased the MMP-

3 concentrations in chondrocytes below baseline levels.
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The peel extracts of ‘Red Delicious’ and ‘Golden Delicious’ also showed a decrease in
the MMP-3 levels at low (1.0 and 10.0 pg/ml) and high (250.0 pg/ml) concentrations.

However, the MMP-3 levels increased at 100.0 pg/ml.
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Figure 8.13. Matrix metallopeptidase-3 (MMP-3) production in the chondrocyte cell culture
medium at 72 hours after treatment with (1) flesh and (2) peel extracts from ‘Red Delicious’
and ‘Golden Delicious’ apples (n = 3, mean + S.E.M.). Values are expressed as ng/ml. The
line represents the baseline level in which chondrocyte cells have not been exposed to
inflammatory insult.

The effect of ‘Red Delicious’ and ‘Golden Delicious’ apple extracts on SGAG levels
produced by chondrocyte cells was evaluated (Fig. 8.14). The untreated controls produced
low levels of sGAG (46.25 + 0.02 pg/ml) compared to chondrocytes treated with IL-1f (53.89
+ 0.59 pug/ml). There was a decrease in SGAG levels in chondrocytes treated with apple flesh
extracts. However, flesh of ‘Red Delicious’ actually increased the sGAG levels (Fig. 8.14.1).

The peel extracts of ‘Red Delicious’ and ‘Golden Delicious’ showed an increase at
low concentrations (1.0 and 10.0 ug/ml) and a decrease in sSGAG levels at high concentrations

(100.0 and 250.0 pg/ml; Fig. 8.14.2).
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Figure 8.14. Sulphated glycosaminoglycans (sGAG) production in the chondrocyte cell
culture medium at 72 hours after treatment with (1) flesh and (2) peel extracts from ‘Red
Delicious’ and ‘Golden Delicious’ apples (n = 3, mean + S.E.M.). Values are expressed as
ug/ml. The line represents the baseline level in which chondrocyte cells have not been
exposed to inflammatory insult.

These results suggest that at low concentrations, apple extracts may have a protective
effect on chondrocytes in vitro. No changes were observed in NO levels. MMP-3 levels
decreased with low concentrations of apple extracts; whereas, SGAG levels decreased with
high concentrations of apple extracts. Low concentrations are probably more physiologically
relevant to the in vivo situation.

The anti-inflammatory activity of ‘Red Delicious’ and ‘Golden Delicious’ apple
extracts in an in vitro arthritis model was studied. Several inflammatory markers in arthritis
were measured including PGE,;, NO, TNF-a, MMP-3, and sGAG. Controls for each mediator
measured showed a low level of mediator production which markedly increased after
treatment with IL-1PB. Degenerative arthropathies such as arthritis are characterized by a
progressive destruction of the articular joint tissue which results in metabolic modifications in

cartilaginous tissue. Degenerative, oxidative, and inflammatory mechanisms cause an

imbalance between the reparative and destructive processes of articular cartilage.
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Inflammation is characterized by the extravasation and infiltration of leukocytes into
the affected tissue regardless of the cause of inflammation [213]. Interactions of white cell
adhesion molecules with those on endothelial cells mediate the inflammatory events.
Macrophages and other antigen presenting cells phagocytize and kill microorganisms and
produce TNF-q, interleukin (IL)-1, matrix metalloproteases including MMP-3, which can
cleave collagen and proteoglycans in cartilage. In addition, activation of phospholipase A,
results in the synthesis of prostaglandins, leukotrienes and platelet-activating factor which are
also involved in the inflammatory response. The expression of the inducible form of COX,
COX-2, also contributes to the formation of prostaglandins [213]. Cytokines like TNF-o and
IL-1 induce the transcription of inducible nitric oxide synthase (iNOS) in leukocytes,
fibroblasts and other cell types accounting for higher NO levels [214]. NO is involved in
vasodilation present in acute inflammation; experimental models of acute inflammation
demonstrated a dose-dependent protective effect of iNOS inhibitors suggesting that NO
promotes edema and vascular permeability [214].

In rheumatoid arthritis an inflammatory response occurs in affected joints where
immune complexes are deposited and eicosanoids amplify inflammation [22]. Lymphocytes
and macrophages accumulate in the synovium and polymorphonuclear leukocytes (PMNs)
localize in the synovial fluid. Eicosanoids are produced by PMNs mainly as leukotrienes in
order to facilitate T-cell proliferation and act as chemoattractants. Other eicosanoid produced
include PGE, and TXA,; [22]. Synovial fluid from patients with arthritis was demonstrated to
contain peroxynitrite and other products that result from NO oxidation. NO has been reported
to stimulate the synthesis of inflammatory prostaglandins by activating COX-2 [214].

Therefore, inhibition of NO may have a beneficial effect on joint diseases that present
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inflammation [214]. sGAG has been used as a biomarker of proteoglycan turnover [215] and
was reported to increase following joint injury consistent with altered cartilage metabolism
following injury and inflammation [215].

Elevated levels of IL-1p have been reported in synovial fluid of arthritic patients and
are considered one of the most potent catabolic factors in arthropathies like arthritis [216].
The in vitro canine model utilized to assess the effect of apple extracts in arthritis may
produce valuable information for the possible effects of apple consumption in humans and
may also provide information of the differences in intra-species comparisons. Moreover,
flavonoids are a constituent in many nutraceutical supplements for dogs, i.e. PhyCox—JS®
[217] of which there are ongoing studies at Washington State University including our
laboratory.

In order to effectively study a wide concentration-response window, concentrations
between 1.0 and 250.0 pg/ml apple extracts were studied. Nevertheless, low concentrations
give more valuable information to predict the possible effects in vivo. The in vitro activity of
apple extracts suggests that they may act on the pathogenic mechanisms of arthritis in

inflammation (PGE;) and chondro-degeneration (MMP-3).

8.4.3.2.2 Invitro Colitis Model

Prostaglandins (PG) are produced throughout the gut; in particular PGE, is very
important to maintain the normal physiological function of the GI tract. PGE, is involved in
gastric mucosal protection and motility during normal GI function [163]; however, PGE; is
also implicated in the pathology of diseases like inflammatory bowel disease (IBD), entero-

invasive bacterial diseases, and colorectal cancers [163].
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The effect of ‘Gala’ and ‘Red Delicious’ apple extracts harvested in 2005 and 2006 in
the PGE; levels produced by HT-29 colon adenocarcinoma cells was evaluated (Fig. 8.15 and
Fig. 8.16). This study demonstrated the anti-inflammatory activity of apple extracts in a
colitis model in vitro to be concentration-dependent (Fig. 8.15). Peel and flesh apple extracts
of Red Delicious and ‘Gala’ cultivars harvested in 2005 and 2006 demonstrated a rapid
decrease in PGE, levels at low concentrations (0.2 ug/ml) and a slight decrease at 2.0 and
20.0 pg/ml apple extracts. ‘Red Delicious’ exhibited more effective reduction of PGE, levels
in HT-29 cells compared to ‘Gala’. Peel tissue demonstrated higher reduction of PGE, levels
when compared to flesh. No significant differences were observed between apple extracts of
the same cultivar harvested in two different years, except for flesh of ‘Red Delicious’ that was

reported to be less effective (higher ICsp) in the apples harvested in 2006 (Table 8.9).
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Figure 8.15. Prostaglandin E; (PGE,) production in the HT-29 cell culture medium at 72
hours after treatment with (1) flesh and (2) peel extracts from ‘Gala’ and ‘Red Delicious’
apples harvested in 2005 (n = 3, mean + S.E.M.). Values are expressed as ng/ml. The line
represents the baseline level in which HT-29 cells have not been exposed to inflammatory
insult.
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Figure 8.16. Prostaglandin E, (PGE,) production in the HT-29 cell culture medium at 72
hours after treatment with (1) flesh and (2) peel extracts from ‘Gala’ and ‘Red Delicious’
apples harvested in 2006 (n = 3, mean + S.E.M.). Values are expressed as ng/ml. The line
represents the baseline level in which HT-29 cells have not been exposed to inflammatory

insult.

Table 8.9. ICsy values (ug/ml) of ‘Gala’ and ‘Red Delicious’ apple extracts treated with
(total) and without (free) B-glucuronidase for PGE, reduction in canine chondrocyte cells (n =
3, mean £ S.E.M.). a, P < 0.05, free vs. total; b, P < 0.05, flesh vs. peel.

Apple Cultivar | Year Tissue [-glucoronidase ICg (ng'ml)
Treatment (Y/IV)
Gala 2005 Flesh il 2522+ 378
T 2500 +£375
Peel il 2454 £022
T 2409 £035
2006 Flesh N 2512 £374
T 2522+ 306
Peel N 2432 +£304
T 2613 £ 308
Red Delicious | 2005  Flesh i) 020+001
T 2.01 £ 0.05%
Peel N 021004
T 2.02 £0.10%
2006 Flesh N 021003
Y 20.00 £3.05%
Peel N 021003
T 020+ 004
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Previous studies in HT-29 adenocarcinoma cells treated with apple juice polyphenols
for 24 hours resulted in a 1.6- to 2.1-fold induction of mRNA levels of several phase II
metabolism enzymes that have been associated with cancer chemoprevention [188]. However,
this study failed to assess the effect of apple polyphenols in the production levels of
inflammatory markers like PGE,. In addition, to our knowledge no studies have compared the
effects of different apple cultivars in a colitis in vitro model.

These findings suggest that apple extracts effectively reduce the levels of PGE, in
colitis in vitro. ‘Red Delicious’ was demonstrated to be more effective than ‘Gala’ if these
results are extended to the in vivo situation, and may have a protective effect in the GI tract in

pathologies like colitis and IBD.

8.4.3.3 In vitro Anti-Oxidant Activity

The principle behind this assay is the formation of the ferryl myoglobin radical from
metmyoglobin and hydrogen peroxide which then oxidizes ABTS to produce a radical cation,
ABTS™. The assay measures the total anti-oxidant capacity relying on the ability of the anti-
oxidants in the sample to inhibit the oxidation of ABTS to ABTS™ by metmyoglobin, the
oxidized form of the oxygen-carrier protein myoglobin [170]. The capacity of the anti-
oxidants in the sample to prevent ABTS oxidation was compared with that of Trolox®, a
water-soluble tocopherol analogue used as positive control.

The anti-oxidant activity of flesh and peel of ‘Red Delicious’ was measured using the
ABTS method (Fig. 8.17 and Table 8.10). The apple extracts of flesh and peel demonstrated

concentration-dependent anti-oxidant activity.
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Figure 8.17. Trolox® equivalent anti-oxidant capacity (TEAC) of extracts of flesh tissue of
‘Red Delicious’, with (total) and without (free) enzymatic hydrolysis with B-glucuronidase (n
=3, mean = S.E.M.).

Table 8.10. ICsy values (ug/ml) of ‘Red Delicious’ apple extracts treated with (total) and
without (free) B-glucuronidase to inhibit ABTS radical formation (n = 3, mean + S.E.M.). a, P
< 0.05, free vs. total.

Apple Varety Tissue [-glucoronidase ICzp (pg/ml)

Treattnent (¥Y/T)
Red Delicious Flesh i) 38041+ 45 64*
T 25290 £ 2528
Peel i) 383,554+ 34.19*
T 25392+ 2285

The anti-oxidant content of apples has been previously studied [187-189]. The
relationship between the anti-oxidant content in apple peel and the whole fruit in two growing
seasons of 19 cultivars in Poland was tested [187]. Some of the cultivars studied in Poland
were ‘Fuji’, ‘Gala’, ‘Golden Delicious’, and ‘Granny Smith’. Total polyphenols were
measured using HPLC or the Fiolin-Ciolcalteu method and were described to be

approximately three times higher in the peel as compared to flesh [187]. This study included
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the assessment of the activity of anti-oxidative enzymes such as glutathione reductase (GR),
ascorbate peroxidase (APX), and catalase (CAT). ‘Fuji’ showed the highest GR activity,
‘Fuji’ and ‘Gala’ showed the highest difference of APX activity between tissues (peel and
whole fruit).

Apple phytochemicals have also been reported to possess anti-oxidant activity against
peroxyl radicals [188]. Lipophilic fractions of apple extracts with quercetin glycosides and
oligomeric procyanidins demonstrated radical scavenger activity against 1,1-diphenyl-2-
picrylhydrazyl (DPPH) and superoxide anion radicals [188]. Apple juice extracts and
polyphenols from apple pomace were shown to reduce the oxidative DNA damage induced by
hydrogen peroxide in colon cancer cell lines in vitro [188]. The anti-radical activity of apples
was strongly related to the polyphenolic content in apples studied in Italian cultivars collected
from different regions and with different farming systems [189].

Epidemiological studies in Germany demonstrated that consumption of organic or
conventional ‘Golden Delicious’ apples resulted in the protection of lymphocyte DNA from
hydroxyl radicals [188]. The type of apple production; however, had no effect on polyphenol
levels or on any biological effect measured.

To our knowledge, the studies of the anti-oxidant activity of apple extracts have been
performed in apple cultivars found in Italy, Poland, and Germany and a strong association
with the polyphenolic content was only demonstrated in the Italian study [189]. Davis et. al.
described the effect of apple extracts on the NF-kB activation system in HUVEC cells which
is known to respond to oxidative stress using apples from Washington State purchased from a
local grocery [211]. The study included ‘Fuji’, ‘Golden Delicious’, ‘Red Delicious’, and

‘Granny Smith’ apples; but no results were presented for the analysis of the anti-oxidant
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activity of the apple cultivars. Apple extracts were shown to decrease NF-kB signaling and
IxBa protein phosphorylation which are indicative of an anti-oxidant effect [211]. Therefore,
some apple cultivars grown in Washington State were analyzed for their anti-oxidant activity.
Overall, peel tissue was demonstrated to have higher anti-oxidant activity than flesh in
accordance with previous studies of the anti-oxidant activity of apple cultivars [187] and
reports that relate the polyphenol content with anti-oxidant activity [189]. However, the peel
and flesh extracts of ‘Red Delicious’ treated with B-glucuronidase showed greater anti-
oxidant activity than apple extracts without the treatment. This demonstrates that almost half
of the compounds in apples associated with the anti-oxidant activity reported in this fruit are
attached to a sugar moiety. When the sugar moiety is release by the action of B-glucuronidase

an increase in the anti-oxidant activity is observed in both flesh and peel.

8434 In vitro Anti-Adipogenic Activity

Adipose tissue in mammals is present as white adipose tissue (WAT), and brown
adipose tissue (BAT). WAT stores excess energy as triglyceride in lipid droplets, whereas
BAT uses lipids to generate heat during thermogenesis. Multipotent mesenchymal precursor
cells originate adipocytes when committed to pre-adipocytes, either remaining dormant or
becoming differentiated adipocytes. 3T3-L1 cells are a well characterized cell line used in the
study of adipocyte differentiation [175]. This model system has helped elucidate the
molecular basis and signaling pathways of adipogenesis. During terminal differentiation, the
fibroblast-like pre-adipocytes undergo morphological and biochemical changes that result in
the accumulation of lipid droplets in vitro and in vivo [175]. Oil Red O staining is used in

lipid droplets as an indicator of the degree of adipogenesis.
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The effect of ‘Gala’ and ‘Red Delicious’ apple extracts on oil red O stained material
(OROSM) in 3T3-L1 pre-adipocytes is demonstrated in Figs. 8.18 - 8.19 and Table 8.11.
Flesh and peel samples of ‘Gala’ and ‘Red Delicious’ were treated with (total samples) and
without (free samples) B-glucuronidase. Apples harvested in two different years (2005 and
2006) were evaluated for their effect in the formation and accumulation of triglycerides in the
form of lipid droplets after differentiation of pre-adipocytes into adipocytes in vitro.

The effect of ‘Gala’ and ‘Red Delicious’ apple extracts from 2005 on oil red O stained
material (OROSM) in 3T3-L1 pre-adipocytes is demonstrated in Figs. 8.18 and Table 8.11.
‘Red Delicious’ demonstrated to be more effective in the inhibition of lipid droplets formation
and accumulation in adipocytes than ‘Gala’. In ‘Red Delicious’ and ‘Gala’ extracts the
inhibitory effect in the formation of triglycerides in adipocytes was greater for flesh than peel;
and the apple extracts with the B-glucuronidase treatment had a higher inhibitory effect than

the apple extracts that did not receive the treatment.

120 -
T —e&—— Gala Free - 2005 120
i Qe Red Delicious Free - 2005
——-9-—— GalaTotal - 2005

100 g2 — —A —  Red Delicious Total - 2005
2 -
I s s
8 £ ;,/ ——e——  Gala Free - 2005
‘c 8 80 O Red Delicious Free - 2005
2 S f ——-y——— Gala Total - 2005
< < \ — —A — . Red Delicious Total - 2005
= < \
2 = wf
% 3 : i

H b
o) i 1
40 .
20 T T T 1 20 T T T 1
0 5 10 15 20 0 5 10 15 20
Concentration (ug/ml) (1) Concentration (ug/ml) (2)

Figure 8.18. Effect of selected apple extracts on oil red O stained material (OROSM) in 3T3-
L1 adipocytes. 3T3-L1 pre-adipocytes were harvested 8 days after the initiation of
differentiation and were stained with oil red O (n = 3, mean + S.E.M.). Cells were treated with
0.0 — 20.0 pug/ml of flesh (1) and peel (2) from ‘Gala’ and ‘Red Delicious’ apple extracts
harvested in 2005 at 37°C.
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The effect of ‘Gala’ and ‘Red Delicious’ apple extracts from the 2006 harvest on oil

red O stained material (OROSM) in 3T3-L1 pre-adipocytes is demonstrated in Figs. 8.19 and

Table 8.11. Similar to what was seen in the apple extracts of ‘Gala’ and ‘Red Delicious’

harvest in 2005, most of the ‘Red Delicious’ extracts were demonstrated to be more effective

than ‘Gala’. Likewise, flesh of ‘Gala’ and ‘Red Delicious’ demonstrated greater inhibitory

activity in the accumulation and formation of triglycerides in adipocytes compared to peel.
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Figure 8.19. Effect of selected apple extracts on oil red O stained material (OROSM) in 3T3-
L1 adipocytes. 3T3-L1 pre-adipocytes were harvested 8 days after the initiation of
differentiation and were stained with oil red O (mean + S.E.M.). Cells were treated with 0.0 —
20.0 pg/ml of flesh (1) and peel (2) from ‘Gala’ and ‘Red Delicious’ apple extracts harvested

in 2006 at 37°C.
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Table 8.11. ICsy values (ug/ml) of ‘Red Delicious’ and ‘Gala’ apple extracts treated with
(total) and without (free) P-glucuronidase for reduction of oil O red stained material
(OROSM) in 3T3-L1 adipocyte cells (n = 3, mean + S.E.M.). a, P < 0.05, free vs. total; b, P <
0.05, flesh vs. peel.

Apple Cultivar | Tissue  Year [-glucoronidase ICzp {pg/ml)
Treatment (¥/T7)
Gala Flesh 2005 0| Zre0 x4 15
Bt 176 +£0.23
Peel ) 38.40 £4.28
T 38.00 £ 249
Flesh 2004 0| 13,40 £ 2 58
it 17.20£2.07
Peel T 38.80 + 4 663
T 183.80 £ 259
Red Delicious Flesh 2005 0| 26.80 £3.15%
T 2.10+£005
Peel vl 018 +£0.03
i 216 £029*
Flesh 2004 Y| &A0E-03 £ 0.01
T 208 £0.30°
Peel i) 12.40 +£1.92
i 30,80 +£4.15

Previous studies have looked at the effect of apple consumption in obesity in vivo.
Obese Zucker rats fed apples demonstrated a decrease in cholesterol and low-density
lipoproteins (LDL) levels compared to lean rats, in which no change in cholesterol occurred.
[193]. Combination of apple pectin and apple phenolic fractions were demonstrated to lower
plasma and liver cholesterol, triglycerides, and apparent cholesterol absorption to a much
greater extent than apple pectin or apple polyphenols alone [218]. However, to our
knowledge no in vitro adipogenesis model has been use to evaluate the differential effect of
peel and flesh tissues of apple extracts.

In summary, the effect of ‘Gala’ and ‘Red Delicious’ apple extracts in the formation

and accumulation of triglycerides in adipocytes demonstrated differences between the apple
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cultivars and tissues studied. Flesh of ‘Red Delicious’ demonstrated the highest inhibitory
effect on triglyceride formation in adipocytes. The treatment with [-glucuronidase
demonstrated an increase in the inhibitory effect of most apple extracts and is representative
of the action of intestinal bacteria in the GI tract. These results support previous findings that

apple consumption decreases cholesterol and low-density lipoproteins in vivo [193].

8.5 CONCLUSIONS

A novel HPLC method for ellagic acid, quercetin, phloretin, R(+)-naringenin, S(-)-
naringenin and kaempferol is sensitive, reproducible, and accurate. The method was applied
for the first time in the analysis and quantification of these selected polyphenols in apples
grown in Washington State. These phytochemicals varied in their stability in fresh fruit and in
products processed from them like juices. Five different apple cultivars were studied, and
ellagic acid was demonstrated to be the predominant polyphenol in ‘Gala’, ‘Golden Delicious’,
‘Red Delicious’, ‘Granny Smith’ and ‘Fuji’. In addition, this is the first report of the
enantiomeric content of naringenin in apples; similar to findings in other fruits studied, the
S(-)-enantiomer of naringenin is predominant in different apple cultivars. In general, the peel
of fresh fruit had higher concentrations of polyphenols when compared to flesh. Moreover,
the effect of the farming system utilized to grow apples demonstrated that organically grown
apples had greater polyphenol content than apples grown using a conventional farming system.

In addition, the pharmacological activity of apples that are grown and sold in
Washington was evaluated. In order to identify the disease prevention benefits of apple
consumption associated with polyphenol content, cancer, inflammation, and adipogenesis
models were used. Similarly, the anti-oxidant capacity of apple cultivars produced in

Washington was evaluated. Fruit extracts exhibited dose-dependent anti-cancer, anti-
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inflammatory and anti-oxidant activities that may suggest a potential phytoprotective effect of
apple consumption in GI tract pathologies. The anti-adipogenic activity of apple extracts
contribute to our understanding of the beneficial effects of apple consumption in the
prevention of obesity. These findings may help to elucidate the health benefits of fruit
consumption and its relationship with polyphenolic content. Such cross disciplinary studies

are essential to further advance our knowledge in this field.
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9 Conclusions and Future Directions

9.1 SUMMARY

The specific aims of the studies presented in this thesis were:

1. To develop and validate novel, sensitive, specific, and stereospecific RP-HPLC assays
in biological fluids for homoeriodicytol, isosakuranetin, and taxifolin (Chapters II-IV).

2. To characterize the stereospecific pharmacokinetic parameters of homoeriodicytol,
isosakuranetin, and taxifolin in a rat model as well as the stereospecific quantification
of homoeriodicytol, isosakuranetin, and taxifolin in fruits and herbs (Chapter V).

3. To evaluate the pharmacological activity of homoeriodicytol, isosakuranetin, and
taxifolin in in vitro cancer, inflammation, oxidation, and adipogenesis models
(Chapter VI).

4. To delineate the selected polyphenol content of hybrid tomato cultivars using two
distinct fertility management alternatives (Chapter VII).

5. To analyze the selected polyphenol content of several apple cultivars at various
harvest maturities, harvest years, and fertility management alternatives; and under
commercial storage and shelf-life conditions; and to characterize the pharmacological
activity of apple extracts in in vitro cancer, inflammation, oxidation, and adipogenesis
models (Chapter VIII).

These studies have demonstrated that homoeriodicytol, isosakuranetin, and taxifolin
have unique pharmacokinetic disposition and content in fruit and juice as well as unique
activity in different in vitro assays. In this thesis the current methods of analysis,
pharmacological and pharmacokinetic studies, and commercial uses of homoeriodicytol,

isosakuranetin, and taxifolin were reviewed (Chapter I). This bibliographic review
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demonstrated the lack of studies that take into account the chirality of these compounds.
Therefore, the validated HPLC methods to separate and quantify the selected chiral
flavonoids: homoeriodicytol, isosakuranetin, and taxifolin in biological matrices were
developed and described for the first time (Chapters II — IV). These methods were utilized in
the assessment of homoeriodicytol, isosakuranetin, and taxifolin in serum and urine samples
in the study of the pharmacokinetics of these compounds in the rat animal model (Chapter V).
In addition, the pharmacological effect of the chiral nature of these compounds was evaluated
in cancer, inflammation, and adipogenesis models in vitro. Likewise, the anti-oxidant capacity,
COX, and HDAC inhibitory activities of the racemic and enantiomeric forms of
homoeriodicytol, isosakuranetin, and taxifolin were assessed (Chapter VI). These studies
demonstrated the utility and necessity of developing stereoselective HPLC methods for
racemic flavonoids. The validated HPLC method for the stereoselective separation of
isosakuranetin was successfully utilized to isolate the stereoisomers that were not
commercially available. Nonetheless, the expense, stability, and time needed to collect
enough quantity of the compounds limited the capacity of investigations. Studies of the
polyphenolic content of tomatoes and apples were performed using novel HPLC methods of
analysis (Chapters VII and VIII). The content of the S(-) and R(+) enantiomers of naringenin
were reported for the first time in tomatoes and apples. These studies demonstrated the utility
and necessity of developing chiral methods of analysis for polyphenols that show
stereoselectivity. These findings contributed to our understanding of the relationship between
the polyphenol content of tomatoes and apples with the farming systems utilized to grow the
fruit as well as the cultivar of fruit selected. In addition, the pharmacological activity of

selected apple extracts was evaluated (Chapter VIII) in cancer, inflammation and
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adipogenesis models. Similarly, the anti-oxidant capacities of various apple cultivars were
compared. Fruit extracts exhibited dose-dependent anti-cancer, anti-inflammatory, and anti-
oxidant activities that suggest a protective effect of apple consumption against gastrointestinal
pathologies.

The developed stereospecific HPLC methods for homoeriodicytol, isosakuranetin, and
taxifolin have been applied for the first time to pharmacokinetic studies of the stereoisomers
of these chiral flavonoids in rats. It has been demonstrated that small differences in the
stereochemical structure of the stereoisomers of these flavonoids have a great impact in their
pharmacokinetic profile.

Previous pharmacokinetic studies of homoeriodicytol, isosakuranetin, and taxifolin are
limited, and have not taken into consideration the chiral nature of these compounds. To our
knowledge, these are the first studies that have assessed the stereospecific pharmacokinetics
of homoeriodicytol, isosakuranetin, and taxifolin after intravenous administration of the pure
racemates to rats. Previous studies of the three flavonoids have focused only on the racemic
mixtures and have utilized achiral analysis in serum, urine, and tissues. Most of the previous
studies only collect samples up to 24 hours post-dose, which could result in the
underestimation of the elimination phase and therefore of the pharmacokinetic parameters.

It was also observed that some discrepancy existed between half-lives in serum and
urine for homoeriodicytol, isosakuranetin, and taxifolin. Assay sensitivity in serum may
explain this inconsistency; therefore, it is likely that serum half-lives significantly
underestimate overall half-lives of homoeriodicytol, isosakuranetin, and taxifolin. In addition,
it was observed that homoeriodicytol, isosakuranetin, and taxifolin were detected in urine up

to 96 hours, whereas these compounds were detected in serum for up to two hours. Thus, a
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more accurate determination of pharmacokinetic parameters can be obtained from an analysis
of urinary excretion.

The limited assay sensitivity in serum may be overcome using other methods of
analysis such as high performance liquid chromatography — mass spectrometry (HPLC-MS),
liquid chromatograph — mass spectrometry — mass spectrometry (LC-MS-MS), or gas
chromatography — mass spectrometry (GC-MS) that allow for detection of much lower
concentrations. These findings demonstrate the challenges of experimentally understanding
the disposition of homoeriodicytol, isosakuranetin, and taxifolin, consistent with other
flavonoids studies [152-154]. Urinary data is of tremendous utility in describing the
pharmacokinetics of these compounds since plasma concentrations are low and clearance
from plasma is quite rapid.

Based on the pharmacokinetic data obtained, homoeriodicytol, isosakuranetin, and
taxifolin appear to exit the systemic circulation in order to distribute into tissues. High Vgg
values were reported for the stereoisomers of homoeriodicytol, isosakuranetin, and taxifolin,
except for (2S3R)-(+)-taxifolin and (2R3S)-(-)-taxifolin. Clearance occurs mainly via non-
renal routes, assuming that the hepatic clearance is equivalent to non-renal clearance. Low
fraction excreted in urine (f.) values were seen in all stereoisomers of homoeriodicytol,
isosakuranetin, and taxifolin, except for (2S3R)-(+)-taxifolin and (2R3S)-(-)-taxifolin.

The pharmacokinetics of homoeriodicytol reveals distribution, metabolism, and
elimination that are dependent on the stereochemistry of the enantiomers. Both R(+)-
homoeriodicytol and S(-)-homoeriodicytol have long half-lives, they exit the central

compartment and penetrate into tissues. R(+)-homoeriodicytol and S(-)-homoeriodicytol are
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metabolized in the liver into glucuro-conjugates and are mainly cleared by non-renal routes.
S(-)-homoeriodicytol excretion in urine is higher than R(+)-homoeriodicytol.

The disposition, metabolism, and excretion of Isosakuranetin are stereoselective
processes. Though isosakuranetin enantiomers have long half-lives, 2S-isosakuranetin
remains in the body 1.5-fold longer than 2R-isosakuranetin. 2S-isosakuranetin and 2R-
isosakuranetin exit the central compartment and penetrate deep into tissues. They are
metabolized in the liver, where glucuro-conjugates are formed, and are excreted mainly via
non-renal routes. 2S-isosakuranetin is more readily excreted in urine than the 2R-enantiomer.

The stereoisomers of taxifolin have comparably long half-lives, with (2R3R)-(+)-
having shorter half-life than the other three stereoisomers. The stereoisomers of taxifolin exit
the central compartment and are either distributed intracellularly, extracellularly, or even
reach deep into tissues depending on their stereochemistry. (2S3R)-(+)-, (2S35)-(-)-, (2R3R)-
(+)-, and (2R3S)-(-)-taxifolin are metabolized in the liver to a lesser degree than
homoeriodicytol and isosakuranetin. (2S3S)-(-)-, (2R3R)-(+)-, and (2R3S)-(-)-taxifolin are
mainly excreted via non-renal routes; whereas (2S3R)-(+)-taxifolin is mainly excreted by the
kidneys.

The differences in disposition, metabolism, and excretion of the stereoisomers of
homoeriodicytol, isosakuranetin, and taxifolin would have not been apparent if achiral
methods of analysis were used as those previously reported in pharmacokinetic studies of
these compounds which provide less comprehensive results. These findings demonstrate the
utility of developing chiral methods of analysis for chemical compounds of a chiral nature.

The exploratory pharmacological studies of racemates and stereoisomers of

homoeriodicytol, isosakuranetin, and taxifolin in vitro revealed that small structural
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differences in the chemical structure of these compounds result in significant
pharmacodynamic differences similar to what was observed in the pharmacokinetic studies.
These structural differences include the presence or absence of sugar moieties, enantiomeric
forms, and hydroxyl and methoxy substitution patterns. The stereoisomers of homoeriodicytol,
isosakuranetin, and taxifolin demonstrated concentration-dependent anti-cancer activity that
appeared to contribute differently to the anti-cancer effect observed with racemates.
Furthermore, racemic homoeriodicytol and taxifolin exhibited HDAC inhibitory activity,
suggesting that the anti-cancer activity observed in vitro may be associated with the HDAC
pathway. Racemic homoeriodicytol and taxifolin demonstrated concentration-dependent
reduction of PGE; levels in an in vitro HT-29 colitis model. Further studies are necessary with
the pure stereoisomers of these compounds to elucidate their potential differences in anti-
inflammatory activity in colitis in vitro. The pharmacokinetics of these compounds and the
extensive non-renal clearance indicate that homoeriodicytol and taxifolin may be of potential
therapeutic use in the treatment of pathologies of the GI tract such as inflammatory bowel
disease. Racemic taxifolin demonstrated selective COX-2 inhibition greater than etodolac
which suggests that the anti-inflammatory activity observed in the in vitro colitis model may
be related to the inhibition of COX-2 by taxifolin. Finally, a concentration-dependent
decrease in the formation of triglycerides in adipocytes in vitro was evident with the racemate
and S(-)-enantiomer of homoeriodicytol suggesting a potential therapeutical use of these
compounds in hyperlipidemia. The pharmacological studies of the racemates and
stereoisomers of homoeriodicytol, isosakuranetin, and taxifolin demonstrated the utility and
necessity of developing stereoselective HPLC methods for chiral flavonoids and are in

accordance with reports on the pharmacological activity of other polyphenols [152,153].
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Nonetheless, the expense, stability, and time needed to collect enough quantities of the pure
compounds limited the investigations.

A novel HPLC method for the simultaneous analysis of ellagic acid, taxifolin,
myricetin, fisetin, quercetin, phloretin, R(+)-naringenin, S(-)-naringenin, hesperetin, and
kaempferol was applied in the analysis and quantification of these selected polyphenols in
tomatoes for the first time. The analysis of the enantiomeric content of naringenin was
reported for the first time in tomatoes and demonstrated that the S(-)-enantiomer is
predominant in both organic and conventional tomatoes. Further studies are necessary to
elucidate the polyphenolic content of peel in tomatoes, as well as the content of these selected
polyphenols in other tomato cultivars.

A novel HPLC method for the simultaneous analysis of ellagic acid, phloretin, R(+)-
naringenin, S(-)-naringenin, and kaempferol was applied in the analysis and quantification of
these selected polyphenols in different apple cultivars grown in Washington State. The
enantiomeric content of naringenin was also reported in apples for the first time. Similar to
the findings in tomatoes, the S(-)-enantiomer of naringenin was demonstrated to be
predominant in different apple cultivars. In general, the peel of fresh fruit had higher
concentrations of polyphenols when compared to flesh. In addition, the pharmacological
activity of apples grown in Washington was evaluated. Apple extracts exhibited dose-
dependent anti-cancer, anti-inflammatory, and anti-oxidant activities, which suggests a
potential phytoprotective effect of apple consumption in pathological conditions of the
gastrointestinal tract. These findings demonstrate the importance of cross-disciplinary studies

to further advance our knowledge in the potential health benefits of fruit consumption.
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9.2 FUTURE DIRECTIONS

The findings presented in this thesis demonstrated that small structural differences like
those observed between the stereoisomers of chiral xenobiotics may produce significant
differences in their pharmacokinetic profiles and pharmacodynamic effects. Similarly,
differences in the substitution groups found in flavonoids as well as the presence or absence
of sugar moieties result in differences in the pharmacological activity. The pharmacokinetic
studies of homoeriodictyol, isosakuranetin and taxifolin demonstrated the need to develop
assays with increased sensitivity due to the almost negligible amount of compounds
detectable in the vascular system after a short period of time.

The lipophilic nature of the chiral compounds studied and poor aqueous solubility
demonstrated to be a limiting factor in the assessment of the pharmacological effect of these
flavonoids. Future optimization of the formulation of homoeriodictyol, isosakuranetin, and
taxifolin may greatly alter the pharmacokinetic and pharmacological activity observed.
Previous studies with epigallocatechin gallate (EGCG; MW = 458.37 g/mol, XLogP =1.2), a
polyphenol found in green tea, demonstrated that the use of anhydrous glycerin-based
Carbopol gels can increase the stability and incorporation of water-sensitive drugs [219]. The
optimization of formulation of lipophilic flavonoids per se has not been studied; however,
biodegradable nanoparticles have been successfully used in the delivery of oral vaccines with
no toxicity reported [220]. This and other approaches can be investigated to improve the
delivery of homoeriodictyol, Isosakuranetin, and taxifolin to the target tissue both in vivo and
in vitro.

These studies will then be useful in the investigation of the effect of drugs commonly
used in the treatment of GI tract pathologies such as corticosteroids (i.e. prednisone),

antibiotics, and immunomodulators (i.e. azathioprine) [221] with homoeriodictyol or taxifolin
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i.e. as adjunct drugs. In addition, future studies in vivo can be performed based on the results
obtained in the in vitro exploratory pharmacology in in vivo models of cancer, arthritis, and

hyperlipidemia.
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