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ABSTRACT

Natural products are teeming with potential therapeutic agents. One group of compounds,
polyphenols, from plants, exhibit ast@ncer, antinflammatory and antoxidant activities. Four
polyphenolic compounds and theimantiomers were investigated in this thesis; the stilbene, 3
methoxypterostilbene, a structural analog of resveratrol, and the chiral prenylflavonoids from
hops Humulus lupulud..); 8-prenylnaringenin, gprenylnaringenin and isoxanthohumol. A high
perfomance liquid chromatography method fem&thoxypterostilbene and enantiospecific
liquid chromatographynass spectrometry assays for the timesylflavonoidsvere developed
and validated. The methods allowed for quantification of these four polypherimtdagical
samples and plaifitased materials. Content analysis studiesmieoxypterostilbene and the
three prenylflavonoids in traditional Chinese medicinal plants andd¢mpaining nutraceuticals
were carried out, respectively. The pharmacokisaifc¢hese four compounds were delineated
through intravenous and oral administration in ratsle2hoxypterostilbene demonstrated
greater bioavailability in rats than reported values for resveratrol. Enantiomeric differences in
disposition parameters weobserved for the thrgarenylflavonoidsalong with differences
between compounds despite only small structural differencesnMiteo pharmacodynamics of
these four compounds were elucidated including@itiant, antinflammatory, antdiabetic
andcytochrome P450 modulation activities. All four compounds demonstrated a range of
bioactivities related to chronic diseases and potentiatbotgnical interactions. Further studies
of polyphenols, especially clinical studies, are needed along with esetific study when

applicable to continue delineating the importance of bioactivity, pharmacokinetics and safety.

Natural products are further developed into nutraceuticals and solthexasunter for

both human and veterinary use but are not curreatiyired to demonstrate efficacy prior to



marketing In the final section of this thesis, PhyEp= multicomponent veterinary

nutraceutical for joint health was investigated for pharmacological activityimwatro model

of canine osteoarthritis algrwith select constituents. A pilot singl®se pharmacokinetic study

in dogs was also undertaken. Two liquid chromatography tandem mass spectrometry methods
were developed and validated to detect constituents in skrwiiro study results indicated tha
PhycoxX’ was able to reduce inflammatory mediators similar to the NSAID, carprofen, and acute
pharmacokinetic results revealed that detectable concentrations of glucosamine were evident in

serum. It is suggested that further clinical studies of Piam«warranted to optimize its usage.
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1. LITERATURE REVIEW AND BACKGROUND

1.1 ABSTRACT

This chapter serves as an introduction to the research presented in this thesis. The seven
sections of this chapter review four polyphenolic compoundaseaBoxypterostilbene,
isoxanthohumol, $renylnaringenin and-prenylnaringenin. The sections include the formation,
molecular structure and natural sources of these compounds as well as literature reviews of their
pharmacological activities, detection madb@and pharmacokinetics. The two following sections
of this chapter review multomponent nutraceuticals for the treatment of osteoarthritis for
humans and veterinary health including the quality control, safety and clinical efficacy of these
products asvell as the introduction to one veterinary mgbmponent nutraceutical for
osteoarthritis currently on the market, Phy&okhe last portion of this chapter includes the

hypotheses, objectives and organization of this thesis.



1.2 INTRODUCTION

Natural prodats represerdn enormous, relatively underexplored, group of chemical
constituents. Over the last thirty years, approximately 40% of all new small molecule chemical
entities for therapeutic use were directly isolated from natural products or were desi\ti
natural product§l). While bicactive natural products are isolated in animals, bacteria and fungi,
among other sources, a large proportion comes from plants. Polyphenols are a large class of
natural compounds isolated from plant sources with significant attention being paid to fisvonoi
and stilbenes and in fact; they are encountered daily in our diets. However, in recent years,
consumer demand to play a greater role in their own health care, a desire for alternatives to
traditional pharmaceuticals and a shift towards preventativéhihese as opposed to acute
treatments has led to consumption of more concentrated flavonoids and stilbenes via
nutraceuticals. As of 2010, Health Canada reports that 3 in 4 Canadians use natural health
products with daily use reported in 33% of ug@)s The pharmaceutical, nutraceatl and food
and beverages compani es have-caremlytheelareaverd on t
1,000 companies producing 29,000 different preparations of medical plant products globally

which equates to a $60 billion global indugty4).

In pharmaceutical sciences, much attention and focus is paid to human health; however,
veterinary health also representsmportant area for pharmaceutical research. While animals
are often used to test and model drug safety, pharmacokinetics and efficacy in humans, drug
molecules and dosage forms are often species dependent and even interspecies dependent and
should be spmes tailored for veterinary applicati¢h). Due to economijcenvironmental and
regulatory factors, companion animal pharmaceutical product sales represent a rapidly growing

sector of veterinary pharmaceuticé3 and this has translated to veterinary nutraceutical and

2



supplement products as well. Companion animal owners who purchase nutraceutical products for
themselves aralso likely to purchase nutraceuticals for their pets as they view this as part of
responsible pet ownershif). In North America, Health Canada and the United States Food and
Drug Administration regulate supplements sold for human consumption; however, these
regulatory agencies generally do not consider veterinary products to fall undeethdagons.
Therefore, the product quality, efficacy, tolerance and safety of veterinary natural products needs

be addressed for protection of the animal and the consumer.

Through scientific studies, natural products and nutraceuticals can be scruisirmged
pharmaceutical development approaches to provide and optimize alternative or adjunct clinical

therapies.

1.3 STRUCTURE, FORMATION AND SOURCES OF STILBENES

1.3.1 Structure

Stilbenes are small molecular weight (2000 g/mol), naturally occurring polyphenolic
compounds found in a wide range of plant and plant sources with the common 1,2
diphenylethylene structure shownRigurel.1. The double bond linkage, which joins the two
benzene rings, can produde andtransforms of the molecule depending on the location of
functional groups; however, naturally occurring stilbenes generaby iexihetransform. It is
of note that théransform of stilbenes tends to have greater pharmacological potency than the

cisform across a range of ammncer and antixidant assay§’).



Figure 1.1 Generalkrans-stilbene chemical structure.
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1.3.2 Formation

Stilbenes are a type of secondary plant metabolites, called phytoalexins, which are
formed by plants to protect themselves from pathogenic infections and§)estsluced
stilbenes tend to be concentrated in the fruits and/or leaves of the plant and are variable in
concentration$7). They are synthesized via the phenylpropanoid patli@ayn this pathway,
phenylalanie is transformed into cinnamate by the enzyme, phenylalanine amlyasea
Another enzyme, cinnamatelydroxylase, converts cinnamatepgt@oumarate. Next,-4
coumarate CoA ligase adds an ac€lglA group to formp-coumaroyCoA. Lastly, stilbene

synthasdransforms the compound into a general stilbene strutOje

In addition to stibenes, the phenylpropanoid pathway produces a wide range of both
constitutive and inducible phytocompounds belonging to a wide range of structural classes
including the various classes of flavonoids. Furthermore, many of these compounds that are
constitutive in one plant species or tissue may be inducible by various stressors in another

species or in another tissue within the same bt



1.4 RESVERATROL

The bestcharacterized stilbene in the literaturérans-resveratrol Figurel.2), whichis
most prevalently found in red wine, peanuts, grapes, cranberries and the root of the traditional
Chinese medicinal herli?olygonum cuspidatuifizi 14). Resveratrol received public attention
as the compound implicated in the explanation
is described as an amaly in which a population in southern France, which partakes in smoking
and eats a highat diet, displays a low mortality rate from cardiovascular disease. The population
also consumes a moderate amount of red wine of which resveratrol is a uniqueemstt
found in other commonly consumed foods and beverages in thefiL4ii@®). Resveratrol has
been found to display a myriad of bioactivities associated wittiagaotective, longevity, anti
cancer, antinflammatory, antidiabetic and antbbesity activities along with preventative
activities against other chronic and aghnetpted diseas€20). However, it should be noted that
the current scientific outlook on resveratrol is that it is unlikely that the compound, by itself, is
solely responsible for explaining the French paraday} Despite this view, research into

resveratrol as a single chemicahstituent continues to be topical.

Figure 1.2 Chemical structure dfansresveratrol.
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Resveratrol concentrations in red wines have been reported to vary between 0.09 mg/L to
more than 7 mg/L depending on geographical area of production, the type of vine and enological

methods adopted for producti€2il,22) Resveratrol can also be found in concentrated foran in



variety of natural health products and nutraceuticals. The amount of resveratrol in these products
can range from a few milligrams to several hundred milligrams per d@83g& hese types of

products can deliver up 100 times more resveratrol in one dosage than a single glass of wine.

Although resveratrol has shown an array of bioactivities, especialiyvitro studies, the
success of the compound as a potential therapautieois first and foremost affectda its
bioavailability. If sufficient concentratioria vivo cannot be reached at the site of action, there
may be no or suboptimal pharmacological effect. Pharmacokinetic studies have shown that
bioavailability of resveratrol, when administered by its@lfhumans is less than 1% and even
when very high doses of up to 5 mg are administered orally, plasma concentrations remain
extremely low or undetectab{24,25) This is in part due to the rapid phase Il metabolism by the
body to facilitate renal eliminatiof25,26) However, the bioavailability of resveratrol is
enhanced when administered in the wine m&fr#. In fact, it has been shown that with daily
moderate consumption of red wine, sufficient concentrations are reiachigdto elicit
pharmacolgical activities shown iim vitro studieg(25,27) Presently, the differences in
resveratrol bioavailabilities is thought to have some connection to matrix synergism in which

resveratrol works in synergy with other compounds in the wiagixn(phytocomplex)28,29)

The best option for obtaining sufficient concentrations of resveiatiois through
moderate, daily, red wine consumptid4). However, this method of administration is often
prohibitive. Religion, age, econaorstatus, geography, disease and impracticality are just a few
factors that would discourage daily, moderate consumption of red wiaddition to
formulating resveratrol to enhance bioavailability, which then brings about toxicity concerns as it
is hasbeen shown to be hormetic in bioactivit{@$,30) resveratrol analogues also represent a

logical approach to improve on stilbene bioavailability and therefore potentially enhance
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bioactivities(24). Methylated derivatives of resveratrol have shown particular promise with

apparent enhanced bioavailabil{4,31)

1.5 3-METHOXYPTEROSTILBENE

3-Methoxypterostilbenetans-3 , 3rimethoxy4d 6 hy dr o x y;#HtsO, MW e ne) C
286.324 g/mol is a naturally occurring stilbefgyrel.3). It is a structural analogue of

resveratrol Figure1.2).

Figure 1.3 Chemical structure of-Bhethoxypterostilbene.
OHM
o]
e O AN ‘ o

O
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3-Methoxypterostilbene has been isolated in two plants used in traditional Chinese
medicine;Sphaerophysa salsuléalso known aSwainsona salsujg32) andRheum palmatum
(Chinese rhubark(B3). S salsulais usedo treat hypertension arRl palmatumis used to treat

digestive disorderg32,33)

Dueto3met hoxypterostil beneds structur al si mi l
traditional Chinese medicinal plants as well as it three methoxy functional groups, it may also
possess potential health benefits. A handfultbéoresearch groups have begun to elucidate the
bioactivities of 3methoxypterostilbene although, at present, there is a paucity of published

literature available.



1.5.1 Pharmacological activities ofi@ethoxypterostilbene

1.5.1.1 Anti-oxidant activity

Prior to initiation of the research detailed in this thesis, there were no previous reports of
the antioxidant capacity of -3nethoxypterostilbene. However, one report seeking to use
computer modeling to model antioxidant activity of hydroxystilbenes giesdithat of 34
hydroxystilbenes, -Bnethoxypterostilbene was predicted to not only possess greatexafant
capacity than resveratrol but also predicted to be one of the most potemtidatit compounds

modeled(34).

1.5.1.2 Anti-cancer activity

In a report seeking to identify biologically active piceatannol analogs with greater
stability than piceatannol-@ethoxypterostilbene was reported to demonstrate significant
activity at relatively low concentrations in a 9KB cytotoxicity assay and was shown to be
significantly more active in a crown gall plan antitumor (potato disk)yabsen piceatannol
(35). 3-Methoxypterostilbene has been shown to possess greater apoptotmg activity than

resveratrol in human leukernderived HL60 cell436i 38).

1.5.1.3 Cardiovascular health

Research investigating resveratrol derivatives and coronary heart disease showed that 3
methoxypterostilbene was as effective as resveratrol in the inhibition of bacterial
lipopolysaccharidenduced tissue factor ergssion in human peripheral blood mononuclear

cells(39).



1.6 STRUCTURE, FORMATION AND SOURCES OF CHIRAL PRENYLATED

FLAVANONES

1.6.1 Structure
The chental structure of all flavanones is based ons@6Cs configuration consisting
of two aromatic rings joined by a threarbon link and nearly all flavanones have one chiral
center at the carbon in positionFEAdurel.4) with the exception of-Blydroxyflavanones
(dihydroflavonol) and catechsnwhich contain two chiral centers at the carbon atoms in position
2 and 3. Prenyl groups (prenyl, geranyl and/or lavandulgtdubnts) are primarily found on the
A ring at position 6 and/ or 8(4®. T0He prenglgroupd s o ap
increase théipophilicity of the molecule compared to the Aprenylated analogues giving the

prenylated analogues strong affinittesbiological membrang@l).

Figure 1.4 Spatial disposition of the enantiomerscbfral flavanones. *Denotes chiral center.

S-(-)-enantiomer R-(+)-enantiomer

1.6.2 Formation
Like stilbenes, flavonoids are also secondary plant metabolites and it is thought that

prenylated flavanones are produced by plants in defense against pathogens and other pests as
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well as for the prevention of environmentally induced abiotic s{r5sAlso like stilbenes,
flavonoids are synthesized via the phenylamogud pathway. However, instead of stilbene
synthase transformingcoumaroydCoA into a stilbene, chalcone synthase transfqrms
coumaroyCoA into a general chalcone struct(i®). At this point, the chalcone can be

subjected to further enzymatic involvement by chalcone isomerase to form the general chiral
flavanone structure or subjectto prenyltransferase. The formed chiral flavanones structure can

also be subjected to prenyltransferésd).

1.6.3 Sources
Prenylated flavonais are not ubiquitous among the plant kingdom but have a narrow
distribution and are mainly found in the Leguminosae (Fabaceae), Moraceae, Cannabaceae,

Guttiferae(Clusiaceae), Umbelliferae and Rutaceae fam{dey

1.7 ISOXANTHOHUMOL

Isoxanthohumol (1X) ((2,&lihydro-7-hydroxy-2-(4-hydroxyphenylh5-methoxy8-(3-
methyl2-butenyl}4H-1-benzopyramd-one), GiH220s, MW 354.40 g/mol Figurel.5), is a
prenylated flavonoid containing a single chiral carbon center. IX is found in the female flowers
(cones) of hopsHumulus lupulud..) as a minor flavonoid constitog(43). However, during the
beer makingprocess, xanthohumol (XN), the corresponding chalcone to IX constitutitag%®0
of the total prenylated flavonoids in hops, is almost entirely (98%) thermally isomerized to 1X in
the brew kettl€44). Therefore, beer represents the single greatestrgigource of IX, making
up the vast majority of the 0.14 mg/day prenyflavonoids the average United States citizen
consumes from be¢45). Additionally, hopscontaining nutraceuticals and dietary supplements

marketed for menopause support and hormepacement, anxiety and relaxation aids, breast
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enhancement, pain relief and sleep &, also represent a significant source of IX both for

their content of IX and becausevivo, XN undergoes acidatalyzed cyclization to IX under the

acidic conditions in the gastrointestinal tré&€f). Another natural source of IX is the shrub,

Sophora flavesess( i Shen Kuo), which is used in traditd.i

conditions such as fever, inflammation, ulcers and skin Q48)s

IX along with related hops prenylated flavonoids, particularly 8PN and xanthohumol (XN),
have become of interest as potential clinical therapeutic agents largely due to their cancer
chemopreventative and estrogenic activities. However, additional bidastief 1X and related
compounds have also been explored by other research groups. It should be noted that there were
no reports of enantiospecific bioactivities of IX in the literature at the time of the writing of this

thesis.

Figure 1.5 Chemical structure of isoxanthohumtienotes chiral carbon center.

1.7.1 Pharmacological activities of isoxanthohumol

1.7.1.1 Anti-oxidant activity

Total anttoxidant capacity of IX has been examined in sevaraitro antioxidant

assays; ferrigon reducing antbxidant power assay, automated oxygen radicals absorbance
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capacity assay, Trolox equivalent absorbance capacity assay and inhibition of iron (II) induced
microsomal lipid peroxidation assay. When compared to other ptedythalcones and

flavonoids fromHelichrysum tertifoliumIX showed some of the greatest total -anxtidant

capacity of the compounds assayed through the Trolox equivalent absorbance capacity assay
(4160.66 N 7.72 &M Tr ol o #idnetgansisteatly aitpdrferh theg a m) .
other compounds in the two other measures of totalardant capacity employed in the study

(49). Another study measung antioxidant effects of beer constituents through scavenging of
1,1-diphenyt2-picrylhydrazyl radicals found that IX, along with related compound XN, 8PN and
6prenyl naringenin (6PN) had half maxi mal scav:e

(50).
1.7.1.2 Anti-cancer activities

Most of the pharmacological investigations of IX in literature have focused on its
chemopreventitive properties across various celklide the time of the writing of this thesis,
IX had been examined in 5 cancer cell lines to determinegoauitferative properties of the
compound. In two lines of prostate cancer cell lines3R@d DU145), IX was found to have
dosedependent reductiaof both cell lines with greater reduction in the-BGne (51). At 100
e M, I X r 8dnd D$ld5 clI€by more than 50% in 2 h through cellular vacuole
formationinducedautophagocytosi?2). IX was also examined for argroliferative activity in
three cell lines of colon cancer, FZB and SW620 as well as the amalignant IEC6. IX was
found to have the greatest potg in the HF29 cell line withanigof 16. 9 N=30. 9 & mo
ThelGof or the SW620 | i ne® Wwasfodndto Bot dfectithe I=E€eelino | Ad m
line across all concentrations. IX was found to be much weaker than XN in all three colon cancer

cell lines(53).
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IX has also been shown to reduce expression of the cytokine, transforming growth factor
b, which has been indicated i nrdegeheratival y t umor
di seases such as osteoporosi s, AfBh)Shudiesosmg 6s di
invasive breast cancer MDWB-231 cell line revealed that IX strongly reduced expression of

the cytoking(55).

1.7.1.3 Angiogenesis inhibition

In one study using human microvascular endothelia cells (HH#ECX was found to
both inhibit endothelial cell migration with great efficacygf0 . 07 N 0. 01 & M) and
formation of tubular microcapillaries with ands» f 0. 6  [66).0anothér stedfound
that IX activatedhe mechanism of programmed cell death by preventing the formation of
capillarylike structures in both human umbilical veindotheliakcells and human aortic smooth

muscle cell457).

1.7.1.4 Endocrine activities

8PN is the most potent phytoestrogen currently known but IX shows only very week
estrogenic activity58,59) However,n vivo, IX is readilyO-demethylated by gut flora and

converted by CYP1A2, a P450 drug metabolizing enzyme, into(BB)N

1.7.1.5 Anti-obesity activities

In a muie mature adipocyte cell line (39L3), IX was found to reduce cell viability and
induce apoptosis with maximal results observe
rangewas28 00 €M | X for 24 and 48 h). Apxydatvesi s we
stress. IX also inhibited lipid accumulation in maturing preadipocytes and inhibited
differentiation into mature adipocytésl).
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1.7.1.6 Anti-diabetic activity

| n one rgd puccrots i addengébe irdnibitibn My IX, 1X showed the weakes
i nhi bi -glicosidasedompared to the other lavandulylated flavonoidgrangflavonoids
form Sophora flavescerassayed withan gv al ue of 127 &g/ mL. I X shoy

Uamyl ase, even62at 354.4 e£g/ mL

1.7.1.7 Anti-microbial properties

One study investigated tlamti-viral activity of isoxanthohumol against several RNA and
DNA viruses; bovine viral diarrhea virus, human immunodeficiency virus, influenza A virus,
influenzaB virus, rhinovirus, respiratory syncytial virus, yellow fever virus, cytomegalovirus,
hepaitis B virus and herpes simplex virus type 1 and type 2. IX showed the best therapeutic
index (inhibitory concentration to reduce viral replication by 50% divided by the toxic
concentration to reduce the number of viable cells by 50%) against the herplexsiirus 2
(4.2 £ 2.3) and the rhinovirus (3.1 £ 1.2). IX showed little-airl activity against the other

viruses examine(b3).

1.7.1.8 Modulation of P450 drug metabolizing enzymes

IX has been determined to be a potent inhibitor of the CYP2C family of P450 drug

metabolizing enzymes including CYP2C19, CYP2C8 and CYRBEpP

1.7.1.9 Modulation of ATRbinding cassette transporters

The inhibition of breast cancer resistance protein (BCRP/ABCGZ2) by IX was
invesigated usingspodoptera frugiperdésf9) insect cells which expressed ABCG2. ThgIC

value for i nhi bition of ABCG2 was deter mined
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possessed the second greatest potency as an ABCG2 inhibitor and was neesyrbare

potent than XN65).

1.7.2 Methods of detdwon of isoxanthohumol

At the start of the research project, there were no validated enantiospecific methods of
analysis for IX in biological matrices. Methods of detection for IX have been developed for a
variety of samples including beer, hops, ftgmtaining products and baxjical matrices. The
developed methods almost exclusively use liquid chromatography with UV detection and many
methods coupled liquid chromatography with mass spectrorftet)yPrior to the initiation of
the researcpresented in this thesis, there were two enantiospecific methods of analysis in the
literature for 1X; however, neither was demonstrated to be sensitive, selective or reproducible nor
were they utilized for quantification in biological matrices. One nettlieported separation of
IX to obtain pure enantiomers to use in bioactivity studies using HPLC without showing
representative chromatograms and did not include asglefed result$59). The other method
separated IX in beer using hydroxypropytyclodextrirmodified micellar electrokinetic
chromatography; however, it was not demonstrated to be sensitive, selective or reproducible nor

was it utilizedfor quantification in biological matricg$6).

1.7.3 Pharmacokinetic examination of isoxanthohumol

At the time the research presented in this thesis was initiated, no publishedleswgle
pharmacokinetic studies of IX administered by itself in the literature existed -@lipical
pharmacokinetic study in rats administered XN intravenously and aradlynonitored the
formation of IX and subsequent 8R6I7). The same group administered XN orally to men and

women and monitored formation of IX and 8F#8). One pharmacokinetic study orally
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administered IX along with XN, 8PN and 6PN in a standardized hop dietary supplement to five

women at three differg doseg60).

1.8 8-PRENYLNARINGENIN

8-Prenylnaringenin (8PN) (5;dihydroxy-2-(4-hydroxyphenyh8-(3-methyl2-buter1-
yl)-2,3-dihydro-4H-chromen4one), GoH200s, MW 340.37g Figurel1.6), is a naturally
occurring prenylflavonoid with a single chiral carbon center that is most commonly associated
with the female flowers (cones) of hopsufmulus lupulug..) (58,69) 8PN has also been
described inSophora flavescen{30,71) S. tomentosa. (72 74), S. moorcroftiang75)
Anazagorea luzonensfs (76), Glycyrrhiza glabra(77), G. eurycarpa77), Macaranga conifera
(78), M. bicolor (79), Desmodiuntaudatum(80), Azadirachta indicg81), Citrus natsudaidai
(82), C. medica82), C. sinensig82), Bosisstoa medicinali@3), Marshallia grandiflora(84),
Wyethia helenioide@5i 87), W. scabra88), Helichyrysum athrixifoliun{89), Esenbeckia
berlandieri(90), Glycosmis chlorosperm@1) andThymus serpyllur(®2), all of which have
reported ethomedicinal usegkxposure to 8PN is primarily through the consumption of beer
(45)with 8PN reported in beer at concentration ranges froradnent ect abl e t o 240
various styles of beer around the wai@@,93 99). Additionally, as previously mentioned, 1X,
present in beer at much higher concentrations than 8PN, is known to be biotransformed into 8PN
by human gut microbiota and the cytochrome P450 enzyme CPY1A2-ddofEning
nutraceuticals and natlrproducts represent another significant dietary source of 8PN, as with

IX.

8PN has garnered much interest as a potential therapeutic agent, particularly because of its

potent estrogenic activity making it the most potent phytoestrogen currently K&8n
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However, additional bioactivities of 8PN and related compounds have also been explored by
other research groups. At the initiation of this research project, there were only two reports in the
literature which gamined enantiospecific bioactivity related to its estrogen{b@y100)and its

enantiospecific bioactivities remain largely uninvestigated.

Figure 1.6 Chemical structure of-Brenylnaringenin*Denotes chiral carbon center.

OH

HO 0

OH o}

1.8.1 Phamacological activities of-®renylnaringenin

1.8.1.1 Anti-oxidant activity

One report measuring artkidant effects of beer constituents through scavenging of 1,1
diphenyt2-picrylhydrazyl radicals found that 8PN, along with related compound XN, IX and
6PN had half maxi mal scavenging ckingpotenty r ati on
(50). Another report which treated MEFbreast cancer cells with XN and 8PN found that
treatment across the concentration range of-R.01L ¢ t 8RMXj reduced reactive oxygen
species concentrations significantly from treatment with vehicle alone and also yielded lower
concentration of reactive oxygen species compared to cells treated with XN at the same

concentration$101).
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1.8.1.2 Anti-cancer activities

In the breast cancer cell line M&E 8PN was unable to decrease cell proliferation across
all concentrations assayed (0.6@10 ¢ M f (€01) AddBheristiidy found that proliferation
of the MCF7 line was increased across0.@1 1 & M but d-20rebsedoweoer
increased proliferation was not observed in rat mammary glandao (102) In a report
examining the anfproliferative activities of 8PN against human-B@rostate cancer and UO.31
renal carcinoma cell lines, a clear daspendent relationship@51 00 & M) was observ
two lines of prostate cancer cell lines (B@nd DU145), 8PN was found to have dose
dependent reduction of both cell lines with greater reduction in the I (51). A follow up
study determined that 8PN induced cell death through cellular vacuole formation induced
autophagocytosig52). In a report measuring the cytotoxicity of 8PN againss®(leukemia),
A549 (lung), AZ521 (stomach) and SBR-3 (breast) cancer cell lines, 8PN proved to be most
potent against AZ521 withandev al ue of 24.7 N 2.0 &M and | eas

celllinewithanlGyo f 4 4. 410 2 &M

1.8.1.3 Angiogenesis inhibition

In vitro andin vivo assays have demonstrated the angiogenesis inhibition of BB b
same group by using bovine endothelial céfiszitro, BPNwas found to inhibit angiogenesis
induced by fibroblast growth factor and vascular endothelial growth factor wilvadties

between 3L 0 ¢ Mn vavog 8PN reduced vessel length and wdisemmeter§104).

1.8.1.4 Endocrine activities

Since the early days of hop cone harvesting in Bavaria, female workers reported frequent

menstrual disturbances and in Germany, hop baths were used to treat gynecological disorders
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(105) It was first suggested in the literature by Koch and Heim that there were estrogenic
subsainces in hopgl05) but it was not until 1999 that 8PN was detered to be the estrogenic
compound in hops and subsequently identified as the most potent phytoestrogen currently known
by Milligan et al. (58). Estrogenic activity was determingudvitro using human endometrial

cdls Ishikawa Varl and confirmed using an estrogeducible yeast screen. Binding affinity to
estrogen receptors (ER) in rat uteri was also ass€s8ed wo investigations into enantiomeric
differences in estranic activity yielded conflicting results. One report found similar estrogenic
activities between the two enantiomers in a yeast screen and in an estgg@rsive human
endometrial Ishikawa Vat cells(59). One other report using recombinant human estrogetl ER
andERb f r o m c y-delbextadtsifoeind $&t Both 8PN enantiomers displayed high
affinity and selectivity for ERJ  88RN exhibied an overall higher affinity for both receptors

thanR-8PN (100)

In vivoanimal experimentsave also confirmed the estrogenic activity of 8PN. In female
rats with ovariectomies, administration of 8PN at 30 mg/kg/day for two weeks suppressed the
decrease in bone mineral density and uterine wéidl&). A follow up study performed by
another group confirmed that bone loss induced by ovariectomies in rats was reduced following
chronic dosing of 8PNLO7). In one repdrusing ovariectomized female Swiss albino mice,
acute uterine vascular responsterotrophiaesponse and cell mitosis in the vaginal and uterine
epithelia were monitored. Results were in line with response typical of oestrogenic substances
(59). Another experiment using female Wistar ovariectomized rats administered 10 mg/day/kg
body mass for 3 days found that uterine weight was increased as was afsthelial height and
vaginal epithelial heightl08). The effects of the hypothalarpatuitary-uterine axis following 3

month treatment with 68.4 mg/kg/day 8PN in ovariectomized rats were similar, but milder, than
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those elicited by estradiol; reduction to sefuneinizinghormone and folliclestimulating

hormone, increased serum prolactin level and uterine weight, indué¢ti@ginal hyperplastic

epithelium and mammary gland secret{@09,110) In an animal model of menopausal hot
flashes using ovariectomized rats, subcutaneo

days significantly decreased the tail skin temperature similar to estradjo4 (¥1g@)/ k g )

Presently, there exists one prelimiyamgle oral dose, doubldind, randomized,
placebecontrolled, dose escalating (50, 250 and 750 mg) study of 8PN as a hormone
replacement therapy in healthy, menopausal women2¢). Blood was drawn before and at 1,
2,3,4,6, 8,12, 16 and 24 h pdsise to monitor folliclestimulating hormone and luteinizing
hormone. Folliclestimulating hormone was not significantly altered from placebo following all
doses of 8PN but luteiming hormone was significantly decrease after the highest dose of 750
mg 8PN by approximately 17% over 24 h. The authors reported that the decrease in luteinizing
hormone and unchanged folliesd@mulating hormone was similar to those observed after

admin st r at i o nesteadliol ® postimgendpdudal won(aa?2)

1.8.1.5 Anti-inflammatory activity

An in vitro model of inflammatiorusing RAW264.7 murine macrophages was employed
to investigate the aninflammatory properties of 8PN. Inflammation was induced with
lipopolysaccharideTreatment wh 8PN was found to reduce gene expression of tumor necrosis
factorU ( JTUNF i nducible nitric oxi deaswelhasfdse and

release of the inflammatory mediators TNEE ni t ri ¢ oxi d e(PGE@IB) pr ost ac
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1.8.1.6 Cardiovascularelated activity

Adult, female ovariectomized rats were administered 6.8 or 68.4 mg/kg body weight of 8
PN or 0.17 and 0.7 mg/kg body weight offi-éstradiol benzoate every day fentnths. There
was a dos-dependent decrease in cholesterol.-temsity lipoprotein, and higtensity
lipoprotein concentrations in the rats following administration of estradiol. The high dose of 8PN
decreased cholesterol and lolensity lipoprotein but had not effect on hidénsity lipoprotein
concentration. Triglyceride concentrations were elevated in response to the high dose of estradiol
but were unaffected by both concentrations of 8PN. It was concluded that 8PN displays a better
antiatherosclerotic profile than estradaid may be more beneficial than traditional hormone
replacement therapy for prevention of cardiovascular disease associated with estrogen deficiency

(114)

In another study, 8PN was found to exhibit @ggregatory and artidhesive effects on
human platelets which were independent of estrogen receptors. The study concluded that 8PN
may ke a potential therapy for prevention of vascular diseases associated with platelet
aggregation such as atherosclerosis, myocardial infraction , coronary artery disease and

thrombosig115)

1.8.1.7 Modulation of cytochrome P45frug metabolizing enzymes

8PN has been determined to be a potent inhibitor of CYRG@A216)and the CYP2C
family of P450drug metabolizing enzymes including CYP2C19, CYP2C8 and CYR409
1.8.1.8 Modulation of ATRbinding cassette transporters (ABC transporters)

8PN was found to inhibit4glycoprotein and multidrug resistanrassociated protein 1.
Human erythrocytes were used to investigate inhibition of rdultyy resistancassociated
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protein 1 with an Igyvalue of 57 6 N 1 . 8 6sensitMe andxoxergbiciresistant

sublines of human colorectal adenocarcinoma (LoVo) cell lines were used to determine P

gl ycoprotein transport inhibition. 8RIN7)was
The inhibition of breast cancer resistance protein (BCRP/ABCG2) by 8PN was investigated
usingSpodoptera frugiperdésf9) insect cells which expressed ABZQ he 1G, value for

i nhibition of ABCG2 was determined to be 0.

possessed the greatest potency as an ABCG2 inhi68pr

1.8.2 Methods of detection of-Brenylnaringenin

At the start of the research project, there were no validated enantiospecific methods of
analyss for 8PN in biological matrices. As with I1X, methods of detection for 8PN have been
developed for a variety of samples including beer, hopschataining products and biological
matrices. The primary techniques for quantitative analysis of 8PN aM3.énd LCMS/MS
methods using £and Ggreverse phase stationary pha@el8) Using acidic mobile phases
initially results in greatesignal intensity for LEMS and LCMS/MS and has been used in most
published methods of analygil8)but 8PN, as well as IX and 6PA&ke reported to be unstable
under acidic conditions as cyclization of the prenyl side chain results in the transformation of
these three compounds into faurg structures and decreases the signal over time during
analysig(119) Prior to the initiation of the research presented in this thesis, there were only three
reports of stereospecific separation of 8PN in the literature, however, none of the methods are
validated nor have they been utilized for quantification in biologratices. Two methods
reported separation of 8PN for obtaining pure enantiomers to use in bioactivity studies using
HPLC (59,76) Another method separated the enantiomers of 8PN using hydroxypropyl

cyclodextrinrmodified micellar electrokinetic chromatograp{iy0) however, none were
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demonstrated to be sensitive, selective or reproducible nor were they utilized for quantification in

biological matrices.

1.8.3 Pharmacokinetic examination ofenylnaringenin

At the timeresearch was initiated, there existed no published full studies for 8PN
administered alone in the literature. A single oral dose pharmacokinetic study has been
conducted in postenopausal womefl12). A preclinical pharmacokinetic study in rats
administered XN intravenously and orallydamonitored the formation of IX and subsequent
8PN (67). The same group administered XN orally to men and women and monitored formation
of IX and 8PN(68). One pharmacokinetic study orally administered IX along with XN, 8PN and

6PN in a standardized hop dietary supplement to five women at three diffesexst60).

In the singledose oral pharmacokinetic study of 8PN in posinopausal women,
subjects were administered 50, 250 or 750 mg of 8PN following an overnight faétdosage).
Subjects were allowed food 4nlours after dosing. Blood was collected at 0, 0.5, 1, 1.5, 2, 3, 4,
6, 8, 12, 16, 24 and 48 h pakise and urine was collected at 8 A, 816 h and 184 h post
dose. Serum concentratidime curves revealed clear dose linearity. A secondary peakrimcrur
at 710 h postdose in all concentrations was observed and attributed to enterohepatic
recirculation with the predominant metabolic pathway found to be glucuronidation. Maximum
serum concentrations were reported to occur between 1.0 £ 0.5 h and.8 b depending on
dose administered indicating that the compound is rapidly absorbed from the upper intestinal
tract. 8PN was excreted in the urine primarily as conjugated metabolites-img@ospausal

women regardless of dose, with only 0.2% of eacle @asreted unchanged in the ur{ié2).
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In addition to the glucuronidated metabolite of 8PN , it has been previously reported, but
lacking scientific investigation, by another research group in two publicd8@rg3)that 8PN
can spontaneously and reversibly convert into 6PN via the unstable prenylchalcone intermediate,

desmethylxanthohumol (DMX).

1.9 6-PRENYLNARINGENIN

6-Prenylnaringenin (6PN) (28ihydro-5,7-dihydroxy-2-(4-hydroxyphenyh6-(3-methyt
2-butenyl}4H-1-benzopytam-one), GoH200s5, MW 340.37 g/moligurel.7), is a natwally
occurring prenylflavonoid with a single chiral carbon center that is most commonly found in the
female flowers (cones) of hopdymulus lupulud..) (69,121) 6PN has also been described in
Wyethiainvenustg(122), W. glabra (123), Glycyrrhiza glabra(124), Psoralea corylifolia(125
128) Lupinus luteug129) andSophora tomentoda (130) Human exposure to 6PN occurs
primarily through the consumption of beer ap$icones are used as aroma, flavoring, and
preservative agents in beer, although it is considered a pri@oylflavonoidconstituent
compared to XN, IX and 8PM5,131) 6PN has been reported in beer at concentration ranges
from 0.0020.074 mg/L across various styles of bge31) However, natural health products and
dietary supplements containiity lupulusplant materials or extracts of purified 6PN represent

another significant source of 6PN, as with Xde8BPN.

Out of the three chiral prenylated flavonoids discussed in this chapter, 6PN has received
the least amount of attention in the literature. This is likely due to an initial investigation which
concluded that 6PN lacked the potent estrogenic acbvits positional isomer, 8PN132).

However, some studies of additional bioactivities of 6PN have been undertaken by other research
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groups. A the initiation of this research project, there were no reports in the literature which

examined the enantiospecific bioactivity of 6PN.

Figure 1.7 Chemical structure of-frenylnaringenin*Denotes chiratarbon center.

1.9.1 Pharmacological activities of@renylnaringenin

1.9.1.1 Endocrine activities

Using a yeast screen, it was determined that 6PN possessed considerably weaker
estrogenic activity than 8PN (presently the most potent phytoestrogen k{i@an)A later
study determined that 6PN did not show any specific binding tt) ERo b (183 Additional
estrogenic activity studies using Ishikawa-ER posi ti ve endometri al aden
MCF-7 breast cancer cslfor estrogesiesponse element (ERE), estrogeducible progesterone
receptor (PR) expression levels and induction of alkaline phosphatase were carried out. 6PN did
not significantly alter ERE expression in Ishikawa or MCEells from the DMSO baselineR
expression was also not significantly changed by 6PN in either cell line from the DMSO
baseline. 6PN was inactive even at 20 eg/ mL i

(133)
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1.9.1.2 Anti-cancer activity

In a study investigating the asgroliferative properties of prenylated flavonoids from
hops in two prostate canoegll lines (PG3 and DU145), 6PN was found to be the second most
potent antiproliferative compound tested, after XN, with particular potency againg @Gs
18. 4 N 1.-8ependdnt redu@ionsokboth cell lines was observed with greater reduction
in the PG3 line (51). A follow up study determined that 6RNluced cell death through cellular
vacuole formation induced autophagocytosis, as did all of the prenylated flavonoids examined
(52). In a report examining the asgroliferative activities of 6PN against human-B@rostate
cancer and UO.31 renal carcinoma cell lines, a cleardigsendent relationship (6:250 0 & M)
was observed. In a tw&tage carcinogenesis test in mice, 6PN, agdbpically, was able to
significantly delay the formation of papillomas as well as reduce papillomas when compared to

untreated controlgl34)

1.9.1.3 Anti-microbial properties

6PN was found to be an inhibitor of the growthTatcthophytonspp (minimum inhibitory
concentration of 3.13 ¢eg/ mL) (121lhalscdhoweds a pat h
activity againsStaphylococcus aurensi t h a mi ni mum i nhi bitory conc¢

(121)

1.9.1.4 Modulation of cytochrome P450 drug metabolizing enzymes

6PN has been determined to be an inhibitor of the CYP2C family of P450 drug

metabolizing enzymes including CYP2C19, CYP2C8 and CYRBEpP
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1.9.1.5 Modulation of ATRbinding cassette transporters (ABC transporters)

The inhibition of breast cancer resistance protein (BCRP/ABCGZ2) by 6PN was
investigated usin§podoptera frugiperdésSf9) insect cells whichxpressed ABCG2. The g
value for inhibition of ABCG2 was deter mined

fold weaker than 8PKB5).

1.9.2 Methods of detection of-prenylnaringenin

At the start of the research project, there were no validated enantiospecific methods of
analysis for 6PN in biologad matrices. As with IX and 8PN, methods of detection for 6PN have
been developed for a variety of samples including beer, hopsdndaining products and
biological matrices. The primary techniques for quantitative analysis of 6PN a#SLahd LG
MS/MS methods using £and Ggreverse phase stationary pha@els8) Using acidic mobile
phases initially results in greater signal intgnfor LC-MS and LGMS/MS and has been used
in most published methods of analy&id8) However, 6PN, as well as IX and 8PN, as
previously mentioned, are reported to be unstable under acidic conditions as cyclization of the
prenyl side chain results in the transformation of these three compounds intingour
structures and decrease the signal over time during an@lS Prior to the initiation of the
research presented in this thesis, there was only one study in the literature describing
chromatographic separation of 6PN enantiomers. The method used a triacetyl cellulose column

and 100% methanol. However, no supporting data or validation parametersvadegi59).
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1.9.3 Pharmacokinetic examination ofenylnaringenin

At the time the research presented in this thesis was initiated, no publishedisgggle
pharmacokinetic studies of 6PN administered by itself in the literature existed. One
pharmacokinetic study orally administered 6PN along with XN, IX and 8PN in a standardized
hop dietary supplement to five women at three different d@¥Bslt has been previously
reported, without scientific investigation, by another research group in two public@68)
that 6PN can spontaneously and reversibly convert into 8PN via the unstable prenylchalcone

intermediate, DMX.

1.10 MULTI-COMPONENT NUTRACEUTICALS FOR OSTEOARTHRITIS IN

HUMAN AND VETERINARY HEALTH

1.10.1 Overview

Osteoarthritis (OA) is a complex degenerative joint disease affecting synovial joints in
mammalg135) OA has many causesd pathogenic initiators including aging, genetic
predisposition, trauma/injury, occupation, obesity and some systemic diseases. OA is the most
common joint disease and leading cause of disability in the United States and @a6ada7
million United States citizend36)and 4.5 million Canadians have clinical @¥37)and the
prevalence of the disease and @d#ated disabilities is expected to increase dramatically in the
coming years. In veterinary medicine, the estimated incidence of OA is high; up to 90% of
geriatric felineq138), 20% of adult canines, 80% of geriatric canifie35)and 14% of the
general equine population are estimated to (@&€139) Currently, invasive and nenvasive

methods are used to treat OA. In botimiam and veterinary medicine, pharmacological
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treatments for OA are popular and are used in conjunction withktiife modifications as first
line treatments for an OA suffer€r36) However, pharmacological treatments are only used to
manage OAassociated pain and inflammation but none currently exist to slow or reverse the
disease.

Non-steroidal antinflammatory drugs (NSAIDs) remain the most common
pharmacological treatments across species for attenuation of clinical signg(b4@A42) In
one mechanism of action, NSAIDs act by inhibiting GOX¥nd COX2, which are involved in
the production of prostaglandins resulting in analgesic;iaifimmatory and ardpyretic effects
(143,144) Use of NSAIDs is associated with adverse effects including gastrointestinal toxicity,
cardiovascular toxicity, renal toxtg, negative effects on chondrocytes and cartiaggrix
formation and delay of bone healiij10,143 151) Due to the possible adverse effects of
NSAID use, there is an interest in human and veterinary medicine to identify natural products,
nutraceuticals and supplements that may provide safer alternatives to NBAIDEs
management of OA while maintaining efficacy in pain management or even slow, stop or reverse

disease progression of OA.

Currently, joint health products, such as glucosamine HCI and chondroitin sulfate,
represent the largest category of nutracatand natural supplements for veterinary medicine
(6,152) According to the US Centers for Disease Control and Prevention, musculoskeletal
problems, including joint pain, stiffness, and arthyitvere the most common reason a
complementary or alternative medicine practice, such as the use-oitanmm, normineral
natural products, was initiated in 2007. Of the 4 out of 10 adults in the US who reported using
complementary and alternative nn@de practices, 17.7% were using pratamin, nonmineral

natural products. Glucosamine accounted for nearly 20% of theitaonin, nonmineral natural
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product usage reportéti53). In humans, nutraceutical and natural health supplement use is
increasing 154 157)and pet owners who purchase and use natural products themselves are
likely to purchase them for their animals as W#)las owners see it as part of responsible pet
ownership(6). Presently, a trend in nutraceutical and natural product supplements is multi
component formulations with the notion that several compounds may interact in an additive or
synergistic way, thereby enhancing solubility and bioavailability or by simultaneously
interacting with multiple diseagelated targets to evoke interdependent pharmacological
activities to achieve optimal effects in a more moderate way than singf@oads interacting

with single target$158 165). Multi-component nutraceuticals are hypothesized to be
particularly advantageous in chronic, multifactorial diseases involving multiple pathways
(161,162) As OA is a complex disease, targeting multiple facets of the disease may represent an

ideal therapy.

1.10.2 Quality control and safety

Consumers expect medicinal products, whether traditional pharmaceuticals or alternative
and complementary medicines, to be safe, effective and of high qu&léy However, as with
single constituent nutraceuticals, mudémponent nutraceuticals are guied with safety and
guality control concerns that are far less pronounced in traditional pharmaceutical therapies due
to the strict processes for development and manufacturing required by government regulatory
agencies such as the United States Food ang Rdministration or Health Canada.
Additionally, regulatory policies for natural products largely vary wavide (164,167,168)
Perhaps multicomponent nutraceuticals pose even more difficulty in insufiyg aad quality

controlled in comparison to their single constituent counterparts as concerns may be increased
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with every added constituent. Many of the issues pertaining to the safety and quality control of
multi-component nutraceuticals stem from steytmaterial authenticity, adulteration and
substitution, variation in plant starting materials due to environmental and processing factors if

plant materials are used and the possibility of contaminants (environmental and mi¢t6bial)

The inherent nature of nutraceuticdieing derived from natural products, often in
unpurified form instead of single chemical constituents, yields great difficulty in standardization
of these products, especially if bioactive constituents are unk(®®166) A multi-
component nutraceutical containing several plant product extracts could have thousands upon
thousand of chemical constituents making absolute standardization incredibly difficult. Lack of
standardization among products is a significant problem in the literature. In fact, the variability
among nutraceuticals in considered a limiting factor to the studytoaceuticals for OA

treatment and may account for the large inconsistencies in clinical 1ré&ls

DNA fingerprinting basednethods serve as effective tools for authentication of materials
and identification of adulteration with other plant materials but it they are not quantitative and

only useful when dealing with DNBontaining material166)

Quantitative nuclear magnetic resonance (QNMR) approaches offer another effective tool
for quality control of nutraceuticals as direct quantitative analysis is possible without the need for
meticulous sample prepdi@n or chromatographic method development and reference standards
and it is a reproducible method with high throughput capétit9,171) However, gNMR
requires very expensive instrumentation and-ivalhed personnel and the more chemical
constituents present in the sample, the more likely signals are to overlap and the more

complicated and complex data analysis beco(t&6,171)
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Chromatographic techrigs represent versatile tools for nutraceutical analysis and
quality control as they can be used for authentication, quantification as well as adulterant and
contaminant identificatio(iL66). Chromatographic techniques coupled with mass spectrometry
offer a powerful tool for idntification and quality control of nutraceuticals and can give
unambiguous identification utilizing retention times and mass spectra. The downside to
chromatographic techniques and chromatographic techniques coupled with mass spectrometry
are that carefudample preparation, method development, and reference standards are required.
Additionally, the mass spectrometry instruments can be very costly and also require trained

personne(172 174)

Presently, no single method described above is ideal for all nutraceutical quality control
applications and it is recommended in the literature that individualized approaches for each
nutraceutical be developaad implemented from raw material collection (and growth if the

nutraceutical contains plabased products) to manufacturifig6)

1.10.3 Clinical efficacy

While there are several systematic review papers and meta analyses which review the
efficacy of nutraceuticals and supplemeantailable for OA in human and veterinary medicine,
very few of the studies conducted in the literature have been forcoulponent products
(169,175 177) Most multicomponent nutraceuticals with efficacy data in the literature at the
time the research for this thesis was initiated weretfondroitin sulfate and glucosamine
combination products. In both human and veterinary clinical studies, the research methods
investigating these products tend to lack quality and have led to variation in results. In dogs, oral
administration of glucosamirAdCl and chondroitin sulfate has shown a range of results in 4

clinical studies including showing improved but delayed pain scores when compared to
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carprofen or placebo to no difference from baseline during treatment. Further pain reduction has
reported wien undenatured type Il collagen was given in addition to glucosad@heand

chondroitin sulfat€176) In elderly horses, a study examining the effect of glucosamine,
chondroitin sulfate and methyl sulfonyl methane for three months found no significant changes
in parameters following treatme(i78)but an earlier study found that by 8 weeks of treatment
with glucosamineHCL, chondroitin sulfate and4sdcetytD-glucosamine, horses showed

significant improvement from baseline with further improvements seenae&Rs(179).

Additional studies in the literature for equine efficacy also showed contradi¢1i®d) In

humans, therera far more studies of efficacy and even the meta analyses are at variance with
the overall results but nutraceutical supplementation has been reported to redispajment

narrowing in knee OA patients following recent matealyseg175,181)

Two studies in humans involving multicomponent aaguticals featuring traditional
Chinese medicinal herb extracts evaluated the changes of pain level and joint use in OA patients
but did not investigate changes to the joint or markers of OA. One trial investigated the efficacy
of Aduhuo i umhotsewen hherdsnimcomparidoa to diclofenac in symptomatic
treatment of knee OA using 200 patients for four weeks. The authors concluded that while the
herbal remedy had comparable efficacy to diclofenac, the slow onset of action and adverse
effects wee limiting to its clinical value for OA182). Another study examined the short term (1
week) efficacy of two patches cherbmiguredorng nf uf
Ashangshi |-heebtmixturg) canpased to @ dlacebo patatkfeee osteoarthritis
with 60 patients per treatment and 30 patients in the placebo group. Results reveled no
significant differences in pain management between the two patches and a control patch

containing no compound483).

33



A multi-flavonoid mixture, flavocoxid (Limbr@l PrimusPharmaceuticalnc.,
Scottsdale, AZ, USA), which is a prescription medical food, in the United States has been
approved for use in chronic OA since 2008ere exists a long term and short term clinical
study of flavocoxid, both authored by Primus Pharmaceuticalsinm@ckmonth clinical trial for
flavocoxid using 103 subjects, management of knee OA symptoms compared to naproxen.
Flavocoxid was found tbe as effective as naproxen at reducing the signs and symptoms of knee
OA (184) Il n a 12 week study wusing 220 subjects,
symptoms was again compared to naproxen and results were consistent with the short term study
in that the nutraceutical was found to be as dffech reduction of signs and symptoms of knee
OA as naproxen. Furthermore, the lelegn study found that flavocoxid demonstrated better
upper gastrointestinal, renal (edema), and respiratory safety profile than naf@xen
Flavocoxid is described as aalunhibitor of 5LOX and COX (both isoformg}184,185)
Despite the longermclinc al st udyds report of a good safet)
the Annals of Internal Medicina 2012 describing 4 patients with acute liver injury suspected
due to flavocoxid use. All patients were females betwee®8years old who received
flavocoxid twice daily (256600 mg) for OA symptoms who developed liver injury withi 1

months of therapy initiatio(iL86).

Many clinical trials in the literature for muéiomponent nutraceuwtls for osteoarthritis
lack statistical power or are too short in dura{id87). High quality research exploring the
efficacy of multtcompaent nutraceuticals for treatment or management of osteoarthritis in both

human and veterinary medicine is still needed.
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1.11 PHYCOX®

PhycoX is a line of multicomponent joint health veterinary nutraceuticals produced by
Dechra Pharmaceuticals PLC (Northwigimgland) currently on the market globalBhycox is
marketed as a potent CE&Xinhibitor that supports joint mobility and healthy bone structure for
canines, equines and felind88) Phycox products are labeled as containing 18 active
ingredients (4 of which are chemically complex ingredients; citrus bioflavonoids, grape seed
extract, turmeric and the bhkgreen algae extract labeled as Phycaative) and six inactive
ingredients (4 of which are chemically complex ingredients; flaxseed oil, hydrolyzed vegetable
protein, marine lipid concentrates and natural liver flavbap{e1.1). At the time the research
presented in this thesis was initiated, there were no reports in the literature for'Piegzoxing

its safety or efficacy in any capacity.

Table 1.1 PhycoxX soft chew formula for canin€488) (PhycoX activeingredient is a
proprietary bluegreen algae extract).

Active ingredients per soft chew

Glucosamine hydrochloride 450 mg
Methylsulfonylmethane 400 mg
Creatine monohydrate 250 mg
Alpha-linolenic acid 200 mg

Proprietary blend of citrus bioflavonoids, calcium
phosphate, manganese sulfate, ascorbic acid (vitamin C),

zinc sulfate, alpha lipoic acid, and grape seed extract 132 mg
Turmeric 50 mg
Phycox active 30 mg
Eicosapentaenoic acid (EPA) 9 mg
Docosahexaenoic acid (DHA) 6 mg
Boron 100 €9
Selenium 10 eg
Alpha tocopheryl acetate (vitamin E) 251U

Inactive ingredients
Flaxseed oil, hydrolyzed vegetable protein, magnesium stearate,
marine lipid concentrates, natural liver flavor, and sucrose
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The formulation for the product contains several ingredients that have ghoino and
in some cases vivoevidence in the literature as having anflammatory effects related to OA
including glucosamine, methyl sulfonyl methane, grape seed efaceratrol), citrus
bioflavonoids (hesperetin), turmeric (curcumin) and the proprietary blue green algae extract
| abel ed ®asc tfi Rrheydc omxh Hphydocyanio (CP@)186 $93)€CPC is a unique
ingredient included in these formulations and is regabto be a selective CGXinhibitor (194),
a potent antbxidant(195)and has also demonstrated hepatoprotectiveaggtegant,
neuroprotective and analgesic activiti@81) CPC contains a chromophore, phycocyanobilin,
which closely resembles biliverdin and is in fact susceptible to biliverdin reductase in the body,
as is biliverdin, to become phycocyanorubin, which is structurally similaritatbn. Like
bilirubin, phycocyanorubin is a free radical scavenger and the bioactive properties of CPC

vivo are suspected to be due to the similarities of the chromophore to biliyEaéin

1.12 HYPOTHESES, OBJECTIVES AND THESIS ORGANIZATION

Research characterizing the bioactivity and pharmacokinetic parameters of resveratrol has
been ongoing for more than 20 years and while bioactivity has been found to be extensive
bioavailability is low through oral administration. Thus, there is an interest in finding structurally
similar compounds which offer greater bioavailability with similar bioactivity. Small structural
differences have the capacity to significantly aftbet pharmacokinetic parameters and
bioactivity of polyphenols. -3/ethoxypterostilbene is a candidate in therapeutic development
due to its structural similarity to resveratrol. However, there are very few reports of bioactivity
studies and no pharmacokimedata for 3methoxypterostilbene in the literature. Moreover,
there are no reports in the literature describing methods in the literature to quantify 3

methoxypterostilbene in biological matrices such as serum or urine. These knowledge gaps need
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to be adressed in order to better assess whetireethoxypterostilbene can be developed into a

feasible therapeutic agent.

The United States Food and Drug Administration now recommends that the biological
activities for each enantiomer of a new chiral drug Isessed197,198)yet this
recommendation has gone relatively untranslated in natural product research. In regards to the
chiral H. lupulusprenyflavonoidsevenafter a report appeared in 2003 detailing that there was
an enantiomeric difference in ER affinity for the two enantiomers of @PN), no additional
investigations into the enantiospecific activities of these compounds were undertaken in the
literature for 8PN or the related chigalenyflavonoidsIX and 6PN. Furthermore, there are no
data describing validated methods to enantiospecifically quantify 8PN, IX or 6PN in biological
matrices and no enantiospecific pharmacokinetic studies. Products reported to contain these three
compounds are presentiy the market for over the counter use but have the potential to be
optimized into more effective therapeutic agents. Therefore, development and validation of
enantiospecific methods of analysis for these compounds, evaluation of their enantiospecific
metabolism and pharmacokinetic dispositions, and evaluation of their enantiospecific

bioactivities is needed.

In pharmaceutical sciences, much attention and focus is paid to human health; however,
veterinary health also represents an important area for pbautical research. While animals
are often used to test and model drug safety, pharmacokinetics and efficacy in humans, drug
molecules and dosage forms are often species dependent and even interspecies dependent and
could be species tailored for vetempapplication(5). Due to economic, environmental and
regulaory factors, companion animal pharmaceutical product sales represent a rapidly growing

sector of the pharmaceutical industsy and this impetus has translated to veterinary
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nutraceutical and supplement products as welNorth America, Health Canada and the Food

and Drug Administration regulate supplements $ofchuman consumption; however, these
regulatory agencies do not consider veterinary products to fall under the regulations. Therefore,
the product quality, efficacy, tolerance and safety of veterinary natural products should be
addressed. This need @ more pronounced in muttbmponent nutraceutical formations and

the PhycoX product line is one such muttbomponent veterinary nutraceutical which remains

unevaluated for efficacy and pharmacokinetic disposition in the literature.
Hypotheses:

It is hypothesized that-Bnethoxypterostilbene is a bioactive polyphenol that possess
pharmacological activities which may benefit health. It is hypothesized that a small structural
difference between-Bethoxypterostilbene and resveratrol may lead to signifaiéfierences in
pharmacokinetic disposition but result in similar pharmacodynamics when examined for

pharmacological bioactivities.

It is hypothesized that-Brenylnaringenin, §renylnaringenin and isoxanthohumol have
stereospecific differences in metaibal, pharmacokinetic disposition as well as

pharmacodynamic behavior that may affect their pharmacological activity.

It is hypothesized that PhycBand constituents are selective CQ@MXnhibitors that will
reduce concentrations of inflammatory mediatoranin vivomodel of canine osteoarthritis
comparable to the veterinary neteroidal antinflammatory drug, carprofen. It is hypothesized
that select constituents will be present in systemic circulation at detectable concentrations

following single ordadministration to canines.

Objectives:
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1. To develop and validate a novel high performance liquid chromatography (HPLC) assay
for 3-methoxypterostilbene (Chapter 2). To develop and validate enantiospecific liquid
chromatography mass spectrometry (LC/MS) assays-poeylnaringenin, 6
prenylnarirgenin and isoxanthohumol (Chapter 4). To develop and validate liquid
chromatographyandem mass spectrometry (LC/MS/MS) assays for Phycox®
constituents (Chapter 10).

2. To measure and quantify the content @h8thoxypterostilbene (Chapter 33, 8
prenylnaringnin, 6prenylnaringenin and isoxanthohumol (Chapter 4) in nutraceuticals
and/or plants products.

3. To examine the prelinical pharmacokinetics of-Biethoxypterostilbene (Chapter 3) and
enantiospecific prelinical pharmacokinetics-Brenylnaringenin (Chagr 5), 6
prenylnaringeinn (Chapter 7) and isoxanthohumol (Chapter 6) in a rodent model. To
examine the single dose oral pharmacokinetics of select Phgoastituents in a canine
model.

4. To assess tha vitro pharmacodynamics of@iethoxypterostilbene (@&pter 3), 8
prenylnaringenin, gprenylnaringenin and isoxanthohumol (Chapter 8) including:

a. To determine the vitro antroxidant capacity

b. To assess antinflammatory potential through inhibition of cyclooxygendsend
-2 as well as lipoxygenase and imadel of osteoarthritis using canine
chondrocyte cells.

c. To evaluate possible ardiabetic activity through reduction of pgstandial
hypergl ycemia -amyual a s-dlucdsitlabel ds well as Hipeptidyl

peptidaset inhibition.
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d. To assess pehtial drugbotanical interactions through modulation of human
cytochrome P450 enzymes.

5. To examine the pharmacological effects of Phycamd select constituents in Emvitro
modelof osteoarthritis using canine chondrocytes along with@atlant capeity
measurement, cyclooxygenase and lipoxygenase inhibition to determine if Playcbx
constituents may yield clinical utility in the treatment and management of canine

osteoarthritis (Chapter 9).
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2. ANALYTICAL METHOD DEVELOPMENT TO RESOLVE 3 -

METHOXYPTEROSTILBENE

2.1 ABSTRACT

A method of analysis for-hethoxypterostilbendrans3 , 3riméthoxy
46hydr oxyst i | HBludsisrjecessary thstudyl pbagnamkinketics. A novel and
simple highperformance liquid chromatographic method was developed for the determination of
3-methoxypterostilbene in rat serum and urine. The internal standard, pinosylvin, was added to
0.1 mL seum or urine and samples were precipitated with cold acetonitHBOAE. Separation
was achieved with a Phenomefiduna®Cig( 2) (5 em, 250 x 4.60 mm) c
detection at 327 nm. The calibration curves in both matrices were lineangdragin 0.05 to
100 eg/ mLi1B849436¢eNM, and the mean extraction
the assay for both matrices was <12% (RSD) and was within 13% for all points on the

calibration curve. The limit of quantification for this methosswaO . 05 e€g/ mL (174. 6

** A version of this thesis chapter has been published:

Martinez SE, Sayre CL, Davies NM. Analysis efr@thoxypterostilbene in biological fluids by
high-performance liquid chromatography: application to-gneical pharmaokinetics.
Biomedical Chromatograph3013; 27: 6772.
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2.2 INTRODUCTION

3-Methoxypterostilbenetans-3 , 3riméthoxy4 6 hy dr o x y;#HtsO, MW e ne) C
286.324 g/molkigure2.1 A), is a naturally occurring stilbene that can be found in the shrub
Sphaerophysa salsylased in Chinese folk medicine to treat hypertenglgr3-

Methoxypterostilbene can also be found as an agly@d a stilbene glucoside in Chinese

rhubarb(2). Additionally, the compounthay be easily synthesized using simple combinatorial
synthesiq3i 7). Resveratrol, the best characterized stilbene, has been shown to possess
chemopreventive and cardioprotective propef@sbut generally requires high concentrations

to be reached in the bodlyat may be difficult to achieve owing to poor oral bioavailability of

the compound9). Thus, there is an interest in identifying derivatieésesveratrol which

possess comparable or greater bioactivity to resveratrol at much lower concentrations or possess

increased oral bioavailability.

Figure 2.1 Chemical structures oA) 3-methoxypterostilbne; B) internal standard, pinosylvin

A)  mo
O \ O o
H,CO
OCH;
B) HO

There is a paucity of information in the literature on the bioactivity of 3

methoxypterostilbene. In a report seeking to identify biologically active piceatannol analogs with

69



greater stability than piceatannoin@ethoxypterostilbene was reported to demonstrate

significant activity at relatively low concentrations in a 9KB cytotoxicity assay and was shown to
be significantly more active in a crown gall plan antitumor (potatk)dissay than piceatannol

(3). Research investigating resveratrol derivatives and coronary heart disease showed that 3
methoxypterostilbene was as effective as resveratrol in the inhibition of bacterial
lipopolysaccharidenduced tissue factor expression in human peripheral blasebnuclear

cells(9). 3-Methoxypterostilbene has been shown to possess greater apoptotimg activity

than resveratrol in human leukerderived HL60 cellg(4,10,11) In a report seeking to model
antioxidant activity of hydroxystilbenes;f@ethoxypterostilbene was predicted to be more

potent than resveratrol and was estimated to be one of the most potent compounds modeled (34

hydroxystilbenes were modeled)2).

Dueto3met hoxypterostil beneds str presencegiml si mil
traditional Chinese medicinal plantsnp8thoxypterostilbene may also possess potential health
benefits. However, the metabolic pathways -@i&thoxypterostilbene must be understood in
order to identify the metabolism kinetics of the compo@wtrently, there is no published
literature on the pharmacokinetics efrthoxypterostilbene. Prior to evaluating the
biotransformation of the compound, it is critical to develop an assay for its quantification that is
both sensitive and selectiveMeethoxypterostilbene has not been quantified using
chromatographic analysis and, to our knowledge, there are no validated analytical methods
available in the literature to quantify the compound in biological matrices. The present study
describes a novel, isatic, reversegphase HPLC method using ultraviolet detection for the

determination of 3nethoxypterostilbene in serum and urine.
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2.3 MATERIALS AND METHODS

2.3.1 Chemicals and reagents
3-Methoxypterostilbene was provided by the Sabina Corpofatast Windsor, NJ,
USA). Pinosylvin was purchased from Sequoia Research Products Ltd (Oxford, UK): HPLC

grade acetonitrile and water were purchased from J.T. Baker (Phillipsburg, NJ, USA).

2.3.2 Chromatographic system and conditions
The HPLC system used was a Shimadzu HPLC (Ky#pan), consisting of two LOOA
pumps, a SILLOAF auteinjector, a SPEM10A photo diode array detector, and a STIA
system controller. Data collection and integration were achieved using Shimadzu EZStart Class
VP (Version 7.4) software. The analyticalumn used was a Phenomehéxna®Cig( 2) (5 & m,
250 x 4.60 mm) (Torrance, CA, USA). The mobile phase consisted of acetonitrile and HPLC
water (62:38, v/v) that was filtered and degassed under reduced pressure prior to use. Separation
was carried out iswatically at ambient (23 + 1°@@mperature with a flow rate of 1.05 mL/min

and ultraviolet detection at 327 nm.

2.3.3 Stock and working standard solutions

Methanolic stock solutionsof®et hoxypterostil bene (100 eg/ m
internal standard,ipnosy !l vi n (100 Eigule2rllB), were peepared. Phese M)  (
solutions were protected from light and storeeR@fC between uses for no longer than 3
months Calibration standards in serum and urine were prepared daily from the stock solutions of
3-methoxypterostilbene by sequential dilution with blank rat serum and urine (serum and urine
that does not contain®ethoxypterostilbene or other drugs), yieldangeries of concentrations,

namely 0.05, 0.1, 0.5 1.0, 5i3®491®.96M) 50. 0 an
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Quiality control samples were prepared from stock solutionsnoétBoxypterostilbene by
dilution with blank rat serum and urine to yield targaet@@ntrations of 0.25, 12.5, 25, 37.5 and
75.0 g/ mu26847®. EM0M The quality control samp

aliquots in microcentrifuge tubes and storeeR@C prior to use.

2.3.4 Sample preparation
The working standards 8met hoxypterostil bene (100 ¢€L),
blank male Spragupa wl ey r at wurine or serum (100 eL) we
tubes. 1.0 mL of cold acetonitrile &0°C was added to each microcentrifuge tube. Urine and
serum standd curve samples were vortexed (Vortex Gedi®& WR Scientific, West Chester,
PA, USA) and centrifuged at 14,000 rpm for 5 min (Beckman Microfuge centrifuge, Beckman
Coulter Inc., Fullerton, CA, USA). The supernatant was transferred to new microcentuifege
and evaporated to dryness by a steam of nitrogen gas. The residues were reconstituted with 200
eL of mobile phase, vortexed for 30 s, and ce

was transferred to HPLC vheHRLEGsystamd 100 €L was

2.3.5 Precision, accuracy and recovery

The intra and interday run precision and accuracy of the replicate assay$) were
tested using the same eight concentrationsroeghoxypterostilbene described above. Theintra
and interday run pecision and accuracy of the assays were estimated from the results of six
replicate assays on six different days during aweek period. The precision was evaluated by
the relative standard deviation (RSD). The accuracy was estimated based on thercesdhagee

error of measured concentration to the actual concentration.
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Recovery of 3amethoxypterostilbene from rat serum and urine was assessed ov&00.05
eg/ mL ( 1iB4 96 3nHBMPamples were prepared and injected into the HPLC
system as desibed above. The extraction efficiency was determined by comparing the peak area
ratio (PAR) of 3methoxypterostilbene and internal standard of prepared samples which
underwent extraction to the PAR of the corresponding concentrations of methanolic stock

solutions.

2.3.6 Stability

The freezethaw stability of 3methoxypterostilbene was evaluated at five concentrations,
namely O0.05, 0.5, 5.0)J34649. andMX1O0OOnemgatmLs € rldm. :
stock solutionof3net hoxypt erostofbaae. 831O6M Eg/ meét hanol )
for use in the samples. These samples were analyzed without being initially frozen and then

stored at20°C and thawed at ambient temperature (23 + 1°C) for three cycles.

The stability of 3methoxypterositlbene in renstituted extracts during reime in the
HPLC auteinjector was investigated using samples at the same previously mentioned
concentrations. Samples were prepared and kept in the sample rack of {imgeatdo (23 +
1°C) and injected into the HPLC syst@dh h after preparation as per shi@tm temperature

stability determination recommendations by the FDA guid#h8}

Stability of the samples was determined by comparing the PARr@tBoxypterostilbene

and internal standard of fresh samples to the PAR of the samples undehgostability testing.
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2.3.7 Data analysis
The quantification of concentrations was based on calibration curves constructed using the
PAR of 3methoxypterostilbene to the internal standard, againsetBoxypterostilbene

concentrations using underweighted testgiares linear regression.
2.4 RESULTS AND DISCUSSION

2.4.1 Chromatography

Various compositions of HPLC mobile phases were tested to achieve the best resolution of
3-methoxypterostilbene. Optimal separation was achieved when the combination of acetonitrile
and waer was 62:38 (v/v) with a flow rate of 1.05 mL/min. The selection of the internal standard
was determined by examining the partition coefficient (XlogP). Using AlogR42),1XlogP
for pinosylvin was calculated to be 3.40 + 0.27 and 3.54 + 0.49foetBoxypteorstilbene.
Pinosylvin was selected owing to its difference in retention time from the solvent front as well as
3-methoxypterostilbene, which allowed for a good baseline sepaitagitween the internal
standard and analyte of interest. Acceptance criteria were assessed in accordance to the US Food

and Drug Administration guideling&3).

Separation of 3nethoxypterostilbene and the internal standard in rat serum and urine was
successfully achieved underveesephase conditions using the Phenoménaxna® C4(2)
column. There were no interfering peaksetoted with the compounds of interest in either
matrix (Figure2.2 A andFigure2.3 A). The retention times of-Bethoxypterostilbene and
internal standard were approxately 7 and 4 minutes, respectively in both matri€egufe2.2
B,C andFigure2.3 B, C). The performance of the HPLC assay was assessed using the following

parameters: peak shape and purity, interference from endogenous substances in biological fluid,
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linearity, limit of quantitation, freezthaw stability, stability of reconstited extracts, precision,

accuracy and recovery.

Figure 2.2 Representative chromatograms in seafimA) blank serum demonstrating no
interfering peaks celuted with the compounds of interest; B) rat seromtaining internal
standard and-thet hoxypt erostil bene with concentr
chromatogram of rat pharmacokinetic serum sample containing a concentration of 3

methoxypteorstilbene 0.25 h post intravenous dose (10 mg/kg).

A B C
1750 1 ) 1750 1 ) 1750 1 - )
g :
< <
= =
1500 1 1500 1 5 1500 1 5
1250 1 1250 A 1250 A
2 =z @ z
<= = v =0
s £ E
g = ~
= 1000 - = 1000 A z < 1000 -
s 3 » 9
2 2 S ]
=3 ] = =
2 2 ) o
e
s °© e 2
Z 750 Z 750 = Z 750 A
< < 3 < w
2 g
g
500 g
500 4 500 o E
=
g
2
250 250 4 250 2
5
]
N . Lot
0 2 4 6 8 10 12 0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (min) Time (min) Time (min)

2.4.2 Linearity and limit of quantitation

Excellent linear relationships’(= 0.998) were demonstrated between the PAR of 3
methoxypterostilbene to the internal standard and the corresponding serum concentrations of 3
methoxypterostilbene overarange of 009 0 € g/ mL 1184943 6¢ MM. The mea
regression lines from the vation runs in serum were described byn8thoxypterostilbene
(eg/ mL) = 0. Ri20D®408+ MOOLT60AR éx6ellent linear relationship:(
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0.999) was also demonstrated between the PARneétBoxypterostilbene to the internal
standard and &hcorresponding urine concentrations @h8thoxypterostilbene over a range of

005100 eg/ mLiB849436¢cNMM. The mean regression |

urine were described byBet hoxypt erosti |l bene xie0§006@+t) = 0. 0z
0.000121.
The I imit of quantitation of this assay wa

the corresponding intetay relative standard deviation of 10.6% and bias of 12.8% for 3
methoxypterostilbene in serum, and indiary relative standard deation of 11.9% and bias of
8.10% for 3methoxypterostilbene in urine. The backculated concentrations of quality control

samples were within the acceptance criteria for both matrices.
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Figure 2.3 Represetative chromatograms in urireé: A) blank urine demonstrating no
interfering peaks celuted with the compounds of interest; B) rat urine containing internal
standard and-fhet hoxypterostil bene with concentr
chromatogren of a rat pharmacokinetic urine sample containing a concentration of 3

methoxypterostilbene 2 h post intravenous dose (10 mg/kg).
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2.4.3 Precision, accuracy and recovery

The intra and interday run precisions (RSD) calculated during the replicate assays)(
of 3-methoxypterostilbene in rat serum was <11% over a wide range of concentrations and <12%
for urine Table2.1 A). The intra and interday run bias assessedidg the replicate assays for
3-methoxypterostilbene varied betwed7.4 and 12.8% for serum ari3.7 and 11.1% for
urine (Table2.1 B). The recovery of 3nethoxyperostilbene was determined over the working

standardrange (0.0 0 & g/ mL D3I 4 9A.73h=&MmeMxtraction efficient of this
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assay was determined to be >99% for both matrices. These data indicate the developed HPLC

method is reproducible aratcurate.

Table 2.1 Intra- and interday precision and accuracy of the assay fore2hoxypterostilbeni:

A) rat serumii = 6, mean, RSD and bias); andm) urine i = 6, mean, RSD and bias).

A) 3met hoxypterostilbene concentration in rat se
Added Observed RSD (%) Bias (%)
Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day
0.05 0.0491 0.0564 10.3 10.6 -1.86 12.8
0.1 0.0859 0.0999 9.77 10.5 -14.1 -0.0986
0.5 0.438 0.452 2.13 5.17 -12.3 -9.66
1 0.826 0.879 6.75 2.09 -17.4 -12.1
5 4.58 4.60 1.81 4.25 -8.35 -7.95
10 8.65 9.34 0.693 9.16 -13.5 -6.60
50 53.7 52.3 0.546 3.09 7.38 4.57
100 98.3 99.0 0.165 0.733 -1.73 -1.02
B) 3-methoxypterostibene oncentration in rat urine (eg/ mL)
Added Observed RSD (%) Bias (%)
Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day
0.05 0.0556 0.540 4.45 11.9 111 8.09
0.1 0.0920 0.100 4.56 8.21 -7.99 0.447
0.5 0.440 0.433 0.994 1.84 -12.1 -13.3
1 0.863 0.916 1.28 3.95 -13.7 -8.44
5 4.69 4.38 1.73 2.03 -6.20 -12.3
10 8.70 9.32 1.30 4.87 -13.0 -6.75
50 53.2 52.7 0.528 1.63 6.41 5.35
100 98.4 98.8 0.160 0.246 -1.65 -1.24
2.4.4 Stability

No significant degradation was detected in the samplesya@tBoxypterostilbene in
biological fluids following three freezihaw cycles. The recoveries oh3thoxypterostilbene in
serum were 96.6101.8% and 98.4 117.6% for 3methoxypterostilbene inrime. There was no
significant decomposition observed after the reconstituted extractseft®xypterostilbene
were stored in the auiojector at ambient temperature (23 + 1°C) for 24 h. The measurements

were >93.5% of the initial values for extracts3ahethoxypterostilbene in biological fluids at
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concentrations of 0.05, 1840, 356MandutdD@geghmL

autoinjector at ambient temperature for 24 h.

2.5 CONCLUSIONS

In summary, the developed HPLC method fan8thoxypteostilbene is sensitive,
reproducible and accurate. Using this method, it is possible to analyze a large number of
biological samples in a short time period. Additional studies are ongoing in our laboratory to
further characterize the pharmacokinetic dgpon and bioactivity of 3nethoxypterostilbene as

well as other stilbene and flavonoid compounds.
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3. PRE-CLINICAL PHARMACOKINETICS AND IN VITRO

PHARMACODYNAMICS OF 3 -METHOXYPTEROSTILBENE

3.1 ABSTRACT

3-Methoxypterostilbene is a naturally occurring stilbene with potential applications in the
treatment of diabetes. The prinical pharmacokinetics and pharmacodynamics-of 3
methoxypterostilbene were evaluated in the present study. The right jugulaofveiake
SpragueDawley rats were cannulated. The rats were dosed 10 mg/kg or 100 mgtkg of 3
methoxypterostilbene intravenously (IV) or orally (PO), respectively. Serum and urine samples
were analyzed using a previously validated revepease HPLC metho&erum AUC, serum
t1/o, Urinety,, Chota, and VGf o r |V dosing were 48.1 N 23.8 eg/
h, 47.8 £ 23.7 L/h/kg, and 5.11 + 0.38 L/kg, respectively (mean + SEML). Serum AUC,
serumty, urinetyy, Chow, andVdforP@ osi ng were 229 N 44.6 eg9g/ h/
3.01 h, 0.48 + 0.008 L/h/kg, and 52.0 + 10.5 L/kg, respectively (mean + BEM).
Bioavailability of the stilbene was determined to be 50.6 + 10.0%metoxypterostilbene
glucuronide metabolite was detected in both serum and uriMeti3oxypterositlbene exhibited
antrd i abet i ¢ ac tglvu ctoys -sndplass anddBRKI\G intdbitory activities as
well as concentratiecdependent antioxidant capacity similar to resveratrol. 3
Methoxypterostilbene also exhibited amtflammatory activity and reduction in inflammatory
mediators in amn vitro model of osteoarthritis. Aé stilbene may possess inhibitory activities

against the cytochrome P450 enzymes CYP2C9 and CYP3/étlBoxypteorstilbene appears

to be a bioactive compound and may be useful in reducingppastlial hyperglycemia.

** \Versions of this thesis chapter lebeen published:
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Martinez SE, Sayre CL, Davies NM. Analysis efr@thoxypterostilbene in biological fluids by
high-performance liquid chromatography: application to-gneical pharmacokinetics.
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Martinez SE, Sagre CL, Davies NM. Pharmacometrics ofrethoxypterostilbene: a component
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3.2 INTRODUCTION

3-Methoxypterostilbenetans3 , Arim&thoxy4 6 hy d r o x y;8HtsO, MW e n e )
286.324 g/molkigure3.1) is a naturally occurring stilberf&,2) that can also be easily
synthesized using simple combinatorial synth¢ig). 3-Methoxypterostilbene is a structural
analogue of resveratrol, which has demonstrated a myriad of potenttz¢glth effects
including anticancer, cardioprotest, antiinflammatory, neuroprotective, and anbesity
propertieq8). However, it differs from resveratrol in its physiochemicalpgrties. The
predicted octanol water partition coefficient (XlogP) fem&thoxypterostilbene is 3.54 + 0.49

(9) and the experimentally determined XlogP for resveratrol is 1.53 H00)1

Figure 3.1 Chemical structure of-Bhethoxypterostilbene.

H,CO

OH
H;CO
OCH;

3-Methoxypterostilbene has been isolated in two plants used in traditional Chinese
medicine. The compound has been foun8phaerophysa salsu(also known a$Swainsona
salsug , a shrub called fiku ma du,¥3used fo
Methoxypterostilbene has also been found as an aglycone of a stilbene glycoside in the
commonly usedRheum palmatufh Chi nese r hubarb), call ed

disorderq2).
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Dueto3met hoxypterostil beneds structural si mi
tradiional Chinese medicinal plantsn3ethoxypterostilbene may also possess potential health
benefits. However, information in the literature on the bioactivity-ofe2hoxypteorstilbene is
scant. In a report seeking to identify biologically active piceatafamather structural analogue
of resveratrol) analogs with greater stability than piceatannoktBoxypterostilbene was
reported to demonstrate significantly greater activity in a 9KB cytotoxicity assay as well as
crowntgall plant antitumor (potato diskassay than piceatann@l). 3-Methoxypterostilbene
proved to be as effective as resveratrol in the inhibition of bacterial lipopolysaceinaiided
tissue factor expression in human peripheral blood mononuclear cells in a study investigating
resveratrol derivatives and corondigart diseasgll). Several studies have also demonstrated
that 3methoxypterostilbene possesses greater apojaokiing activity than reratrol in

human leukemialerived HL60 cellg4,12,13)

With the evetincreasing natural products canon of knowledge and growing congern fo
obesityrelated disease, there has been much focus on the use of natural products to aid in the
management and treatment of type 2 diabetes. Resveratrol has been extensively studied in
animals for its potential to treat obesity and type 2 dial{8)eResveratrol appears to be able to
increase insulin sensitivity in various animal models of insulin resis{ddc&8). Additionally,
animal studies using models that consisted of genetically obese rats and mice with dietary
induced obesity or chemically induced diabetes found that resveratrol reduced blood glucose
levels, which is important in the management of type 2 diabetes awibpegic patients
(14,15,1925). Thus, structural analogues of resveratrol may also posseshadiic properties

similar to those of resveratrol.
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To our knowledge, there have been no studies evaluating the pharmacokinetic disposition
or thein vivometatmlism of 3methoxypteorstilbene. The objectives of the present study are to
examine the pharmacokinetic disposition eh8thoxypteorsitlbene as well asiitsvivo
metabolism anth vitro antidiabetic activity. To facilitate this, a reverspdase high
performance liquid chromatographic (RFPLC) method was developed and validated for
guantification of 3methoxypterostilbene in biological matrices using ultraviolet dete¢@pn
Additionally, the objectives of this study were to investigakect biological activities of-3
methoxypteorstilbene and perform a content analysis on commercially available dried traditional
Chinese herbs reported to contaim8thoxypterostilbene using the previously validated RP
HPLC method. For the first time,alpreclinical pharmacokinetics,anti x i dant -acti vi ty
gl ucosi da s -amylaselnhidtion dipeptidyl pdptidadge(DPP (IV)) inhibition,
cyclooxygenasd and-2 (COX-1 and-2) inhibition, lipoxygenase inhibition (LOX), reduction
of inflammataoy mediators in a model of osteoarthritis, and cytochrome P450 inhibitory

activities of 3methoxypteorstilbene are reported.
3.3 MATERIALS AND METHODS

3.3.1 Chemicals and reagents
3-Methoxypterostilbene was provided by the Sabina Corpofatast Windsor, NJ,
USA) and pinosylvin was purchased from Sequoia Research Products Ltd (Oxford, UK): HPLC
grade acetonitrile and water were purchased from J.T. Baker (Phillipsburg, NJ,BJSA).
Gl ucur oni da sgicutonidase), pol)ethilené dlycol) (PEG) 400, dimethyl
sul f oxi de-glucd3iteSedrpnsacdiaromyces cerevisigen i t r o pre ny | U
glucopyranoside,42-hydroxyethyl}1-piperazineethanesulfonic acid (HEPES), resveratrol,
i buprofen, et endphthoflawone, interleusih o f e-amykhsd Bonporcine
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pancreas type VB were purchased from Sigafddrich (St. Louis, MO, USA)Amylase HR
reagent was purchased from Megazy meaucdsidaseer nat i
from almonds was purchased from Tokyo Chemical Industry Co., Ltdy¢Tdlpan). Dried
Swainsonaalsulaextract was provided by DaZingAnLing Snow Lotus Herb Biotechnology

Co., Ltd. (Heilongjiang, China) and dried da huang (Chinese rhubarb) was purchased from Kwok
Shing Ent. Ltd. (Scarborough, ON, Canada). Sulfaphenazadladme and ketoconazole were

purchased from Cayman Chemical Company (Ann Arbor, Ml, USA).

3.3.2 Chromatographic system and conditions
The HPLC system used was a Shimadzu HPLC (Kyoto, Japan), consisting of th@AL C
pumps, a SILELOAF auteinjector, a SPEM10A photo diode array detector, and a STIA
system controller. Data collection and integration were achieved using Shimadzu EZStart Class
VP (Version 7.4) software. A Phenomefibuna®Cig( 2) (5 em, 250 x 4.60 m
CA, USA) column was used. Tmeobile phase consisted of acetonitrile and water (62:38, v/v)
that was filtered and degassed under reduced pressure prior to use. Pinosylvin was used as the
internal standard. Isocratic separation at ambient temperature (23 ttsli@)h flow rate of
1.05mL/min was employed. Ultraviolet detection was carried out at 327 nm. Validation
indicated that the precision of the assay was <12% (RSD) and was within 12% at the limit of
guantitation (0.05 eg/mL or 174.6 nB%atThe bi

the limit of quantitatior(9).

3.3.3 Animals and surgical procedures
Male Spragudawley rats (~200 g) were obtained from Simonsen Laboratories (Gilroy,
CA, USA) and allowed food and watad libitumupon arrival to the vivarium. Rats wereused

in a temperatureand humiditycontrolled facility with a 12 h light/dark cycle. Prior to the first
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day of the pharmacokinetic experiment, the rats were anesthetized using isoflurane (IsoFlo,
Abbot Laboratories, Abbot Park, IL, USA) coupled withcatygen regulator, and monitored by
pedal reflex and respiration rate to maintain a surgical plane of anesthesia. The right jugular
veins of the rats were cannulated with sterile silastic cannulas (Dow Corning, Midland, Ml,
USA). After cannulation, Intrantkic PE50 polyethylene tubing (Becton, Dickinson and

Company, Franklin Lakes, NJ, USA) was exposed through the dorsal skin. The cannulas were
flushed with norheparinized 0.9% sterile physiological saline solution. The animals were placed

in metabolic cageto recover and were fasted overnight but allowed free access to water.

Animal ethics approval was obtained from the University of Manitoba Office of Research

Ethics and compliance.

3.3.4 Dosages

No pharmacokinetic studies are reported in the literature-foetBoxypterostilbene.
Despite the paucity of-Bhethoxypterostilbene pharmacokinetic studies in the literature, studies
on other stilbenes have reported intravenous (IV) dosage ranges fror@@.éng/kg(26i 30)
and from 50 to 300 mg/kg for oral (PO) dos#&ge,31,32) In keeping with the literature, doses

of 10 mg/kg IV and 100 mg/kg PO were chosen.

3.3.5 Pharmacokinetic study

Male Spraguddawley rats f = 8) were cannulated as described in section 3.3.3. The
animals were placed in metabolic cages following surgery and eeogered overnight and
fasted 12 h prior to dosing but allowed wadrlibitum On the day of the experiment, the
animals were dosed withrBethoxypterostilbene in PEG 400 either IV (10 mgfkg,4) or PO

(100 mg/kgn = 4). After dosing, a series of wledblood samples (0.5 mL) were collected
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through the jugular vein cannulas at 0, 1, and 15 min, and 0.5, 1, 2, 4, 6, 12, 24, 48 and 72 h and
0,0.25,05,1, 2,4,6, 12, 24,48 and 72 h for IV and PO dosed rats, respectively. The cannulas
were flushed wh 0.5 mL 0.9% notheparinized physiologic saline solution after each sample
collection. The samples were collected into regular 2.0 mL microcentrifuge tubes, centrifuged at
10,000 rpm for 5 min (Beckman Microfuge centrifuge, Beckman Coulter Inc., Full&€fon

USA), and the serum was collected. The serum was divided into two 0.1 mL fractions and placed
into regular 2.0 mL microcentrifuge tubes labeled as free and total serum samples. Samples were
stored at20°C until analyzed. Urine samples were colleeed, 2, 6, 12, 24, 48 and 72 h

following 3-methoxypterostilbene administration from the urine collection cups under the
metabolic cages. The volumes of urine produced by the rats were recorded and two 0.1 mL
aliquots were collected into separate-{ateded regular microcentrifuge tubes and labeled as

free and total urine samples and store@tC until analyzed. At 72 h after dose, the animals

were euthanized, exsanguinated, and serum was collected.

3.3.6 Serum and urine sample preparation

Serum and urineasnples (0.1 mL) were run in duplicate with or without the addition of
20 eL of -gluwonidasenahd ifcubated in a shaking water bath at 37°C for 2 h to
liberate any glucuronide conjugaf@8). 1 mL of cold aetonitrile (20°C) was added to the
urine and serum samples. Samples were vortexed (Vortex-Sevii&R Scientific, West
Chester, PA, USA) for 30 s and centrifuged at 10,000 rpm for 5 min. The supernatants were
transferred to new, labeled 2.0 mL microce#age tubes. The samples were evaporated to
dryness by a stream of nitrogen gas. The resi
phase, vortexed for 30 s, and centrifuged at 10,000 rpm for 5 min. The supernatants were

transferred to HPLC vialsandQ0 ¢ L was i njected into the HPLC
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b-Glucuronidase fronk. coli type IX-A acts to specifically cleave the sugar moiety
attached to the parent compound from three8hoxypterostilbene glucuronide back into the
aglycone (3methoxypterostbene). The samples which did not undergo enzymatic hydrolysis
(free samples) were utilized to determine the concentration agllgeone whereas the samples
that did undergo enzymatic hydrolysis (total samples) were used to determine the concentration
of the aglycone originally present in the sample in addition to the concentration of the
glucuronidated metabolite cleaved back tm&thoxypterostilbene. Therefore, by subtracting the
free sample concentration from the total sample concentration, thentaton of the
glucuronidated metabolite can be calculated without the use of an additional chromatographic

run and analysis.

3.3.7 Pharmacokinetic analysis

Pharmacokinetic analysis was performed using data from individual rats for which the
mean and standagtror of the mean (SEM) were calculate for each group. Samples were
analyzed using WinNonlin software (version 1.0; Pharsight Corporation, Mountain View, CA,
USA) to calculate the pharmacokinetic parameters. The serum and urine concentration versus
time profiles for the rats were subjected to a wwmmpartmental model. The apparent elimination
rate constant (KE) was estimated from the slope of théregr phase of declining
concentration versus time plot. The Hi#é and rate of elimination were deteined by applying
the previously described software with the specified parameters. The renal clearance was
calculated by multiplying the fraction of compound excreted unchanged with total body
clearance. The plasma hdife (t1,2) was determined using tie@lowing equation: .=
0.693/KE. To determine the fraction of unchangede&hoxypterostilbene excreted in urirg, (

the total amount of urine was divided by the total dose administered. The renal clearance
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(CLrena) Was determined by the equati@i: ena = fe X CLiotar - Bioavailability was calculated by
pairing IV- and PGdosed animals together based on body weight. Bioavailai@ititly) was
calcubted by the following equatidhhF= [(Dose\y x Area Under the Curvign)/(Dosepox Area

Under the Curve,) x100] (34).

3.3.8 Content analysis of dried traditional Chinese medicinal plants

3-Methoxypterostilbene has been reported to be present in two plants used in traditional
Chinese medicineéSpaerophysa salsu[@wainsona sailgda) andRheum palmaturfChinese
rhubarb)(1,2). Dried S salsulaextract and dried Chinese rhubarb are both commercially
available products. Chinese rhubarb was frozen under liquid nitrogen and then ground into a fine
powder.S. salsulaextract was already in powdered form. Two 0.1g of each product were
measured and ptad into 2.0 mL microcentrifuge tubes. 1.5 mL methanol was added to each
tube for extraction. Tubes were vortexed for 30 s, agitated for 3 h, and centrifuged at 10,000 rpm
for 5 min. One of the duplicates was treated to extract only aglycones (freepasatdimd of
the duplicates was treated to cleave any glycosidaglyooneq t ot al ) -glbcgsidase i ng b
from almonds. The supernatants from the free samples were transferred into new 2.0 mL
mi crocentrifuge tubes andinbwsadded. Samplaswdareer nal s
vortexed for 30 s, dried to completion under a stream of nitrogen gas and st@@Caintil
analysis. The supernatants of the total samples were transferred to new 2.0 mL microcentrifuge
tubes, dried to completion under gestm of compressed nitrogen gas, and reconstituted with
phosphatb uf f er ed sal i ne ( 2 0ducositlasea#50 Ykl infphodphate 2 0 ¢ L
buffered saline at pH 7.4) was added and samples were incubated for 48 h at 37°C in a shaking
wat er -Gluadsithase acts by cleaving the glycosidic sugar moieties frequently present in

plant extracts as previously descril{28). Acetonitrile (1 mL) was added to stop the enzymatic
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reaction, followed by the addition of the int
10,000 rpm for 5 min and the supernatant was dried to completion under a streamressethp
nitrogen gas. Both free and total samples wer

eL was injected into the HPLC under the same

3.3.9 Anti-oxidant capacity determination

The antioxidant capacities of-Bhethoxypterostilbene and resveratrol were measured
through a commonly used and reliable assay that relied on the inhibition of the oxidation of
ABTS -azhod2[8-ethylbenzthiazoline sulphonate]) to ABT®y metmyoglobin(35). The
amount of ABTS" can be monitored spectrophotometrically. The degree of suppression of
absorlance caused by the compound of interest is proportional to the concentration 6f ABTS
which is expressed as Trofde qui val ent s ®(6hglioxmPR,578 Tr ol ox
tetramethylchroma-carboxylic acid, is a vitamin E analogue readily used as a standard-of anti

oxidant activity. For this assay;rBethoxypterostilbene and resveratrol were dissolved in DMSO

on the day of the experiment to yield com¢er at i ons of 1, 5, 10, 50 an
additional dilution was employed. To run the
of metmyoglobin and 150 €L chromogen. Then, 4

was added within 1 min to alléhsamples. The plate was covered and incubated on a shaker for

5 min at room temperature (23 £ 1°C), and the absorbance was measured at 750 nm using the
Synergy HT multw e | | pl ate reader and Genstimahdnc.a anal y
Winooski,VT, USA). The assay was performed in quadruplet and was performed using a
commercially available and validated assay kit (Antioxidant Assay Kit, cat. no. 709091, Cayman

Chemical Company, Ann Arbor, Ml, USA).
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3.3.10 Anti-diabetic activity

3.3.10.1U-Glucosidase inhibitiodetermination

| nhi bi 4lucosidaseas détermined through a colorimetric assay adapted and
modified from the method presented by Tadsral (36). The assay usgshitrophenytUD-
glucopyranoside (PNPG), wh-glucdsidasesintorayellowo | yzed s
colored productg-nitrophenol). The absorbance at 410 nm of liberptaitrophenol was
measured. For this assayniethoxypterostilbene and resveratrol were dissolved in DMSO to
create concentration ranges from O to 200 eg/
25 €L of 20 mM PNPG i n fotiberepimEMSO wdreuafidedeta , and
wellsofa96w e | | plate (10 €L DMSO was added to the
at 30AC for 5 min and then 10 &L of the buffe
each well. The plate was furtherinb at ed for 5 min. 20 €L of 3.25
added to each well to stop the reaction. The plate was immediately read at an absorbance of 410
nm at room temperature (23 + 1°C) using the Synergy HT 1wudtil | pl ate reader a
data analysis $tware (Biotek Instruments Inc., Winooski, VT, USA). The assay was performed

in sextuplicate.

Inhibition (%) was calculated as¥¢ B)/A] x 100, whereA was the average absorbance

of the control wells an& was the absorbance of the wells containing stilbenes.

3.3.10.20-Amylase inhibition determination

| nhi bi {4amytase wasfdetetimined through a colorimetric assay also adapted and
modified from the method presented by Tadsral (36). A synthetic substrate, naeducing

endblockedp-nitrophenyl maltoheptaoside (BPNPG7), commercially preparethgsise HR
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reagent, which 1 s hamylaseihtg-ritoophenslpealtosadchardais | v by
e mp | oy e-glucosildse present in the amylase HR reagent then converts the new substrate

into p-nitrophenol and absorbance at 410 nmis measunedas vi ousl y d-escri bed
glucosidase assay-Methoxypterostilbene and resveratrol were dissolved in methanol to create
concentration ranges from O to 200 eg/mL. 100
directions accompany the reagent, Mggag Amylase HR Reagent, cat. nGARIHR4), and

40 €L of stilbene inwmkethphatewéd® atddefl et h
control wells). The plate was incubated for 5
amylase in 0.1 M HEPES fiar (pH 6.9) was added to the reaction mixture. After further
incubation at 37AC, for 10 min, 20 &L of 3.25
stop the reaction. The liberatpehitrophenol was determined and the percent inhibition was

calculatel as pr evi ou s |-glucodidaseassaybTaalassayrwas parfermédl in

sextuplicate.

3.3.10.3Dipeptidyl peptidase IV inhibition determination

Inhibition of dipeptidyl peptidase IV (DPP (IV)) was determined through a fluorescence
based method. The assaes a fluorogenic substrate, glyo-aminomethylcoumarin to measure
DPP (IV) activity. DPP (V) cleaves the peptide bond to release free aminonuetimarin
resulting in fluorescence at an excitation of &0nm and emission wavelength of 4866 nm.
3-Methoxypterostilbene was dissolved in DMSO to yield a concentration range from 0 to 100
eg/ mL. 30 eL of assay buf f enethoxyptérossldenesnf DPP (|
DMSO were added to wells of a-96e | | plate (10 €L of NMWMSO was a
wel |l s) . Background wells included 40 €L of as

substrate was added to all wells. The plate was incubated at 37°C for 30 min and fluorescence
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was immediately read using an excitation wavelength of380nm and emsion wavelength

of 450465 nm at room temperature (23 + 1°C) using the Synergy HT-wmeiltplate reader and

Gen5E data analysis software (Biotek I nstrume

performed in triplicate and was performed using a coroiagy available and validated assay kit
(DPP (IV) Inhibitor Screening Assay Kit, cat. no. 700210, Cayman Chemical Company, Ann

Arbor, MI, USA).

Inhibition (%) was calculated asi¢ B)/A] x 100, whereA was the average fluorescence
of 100% initial activty wells andB was the fluorescence of the wells containing 3
methoxypterostilbene. Kgvalues were determined by pharmacodynamics modeling using

PhoenixX WinNonlin® software (ver. 6.3, Centara USA, Inc., St. Louis, MO, USA).
3.3.11 Anti-inflammatory activity

3.3.11.1Cyclooxygenase inhibition

The inhibition of cyclooxygenask and-2 (COX-1 and-2) by 3methoxypterostilbene
was measured through the use of a commercial-thageassay kit used to identify CEOX
and/or COX2 inhibitors (COX Inhibitor Screening Assay Kat. no. 560131, Cayman
Chemical Company, Ann Arbor, MI, USA). This is an enzyme immunoassay. The assay relied
on the quantification of prostanoid products using asmetific antibody for prostaglandins
(PGs). The constant concentration of the RGhE-tracer and the varying concentrations of the
PGs available to bind to the antiserum are inversely proportional to the concentrations of free
PGs in the wells. For this assayn@thoxypterostilbene was dissolved in DMSO over the
concentration range of250e g/ mL. | bupr of en an d-infammatbry! a c ,

drugs (NSAIDs), were dissolved in DMSO and used as positive controls over the concentration
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rangeof 2250 € g/ mL . -rAbbingGceaed 9% wdll plate was used. The

prostaglandin standdwas prepared as arf@d serial dilution starting with 2000 pg/mL to

create a standard curve. Reagents were prepar
accompanied the kit. The plate was read at an absorbance of 415 nm at room tesn{@3ratur

1°C) using the Synergy HT mulv e | | plate reader and Genb5E dat g

Instruments Inc., Winooski, VT, USA). The assay was performed in quadruplet.

To determine COX selectivity ofBethoxypterostilbene, a COX ratio was deterei
using the 1Gy valuesor COX-1 and-2 for the compound bgharmacodynamimodeling with
PhoeniX WinNonlin® software (ver. 6.3, Certara USA, Inc., St. Louis, MO, USA). The €0X

ICso value for the compound was divided by the GOXCsp value to yield a COX ratio.

3.3.11.2Lipoxygenase inhibition

The inhibition of lipoxygenase (LOX) by-@ethoxypterostilbene and resveratrol was
measured through the use of a commercial colorimetric assay kit (Lipoxygenase Inhibitor
Screening Assay Kit, cat. no. @800, Cayman Chemical Company, Ann Arbor, Ml, USA). The
assay measures the hydroperoxides produced in the lipoxygenation reaction using purified 15
LOX and linoleic acid as the substrate. The stilbenes were dissolved in 90% assay buffer and
10% DMSOtoye |l d a concentrati on -matmoxgypterastibentandd 250
to 10 g/ mL for resveratrol. Reagents were pr
instructions. The plate was read at an absorbance of 490 nm at room temperature (23 = 1°C)
using the Synergy HT mukive | | pl ate reader and GenS5E data a

Instruments Inc., Winooski, VT, USA). The assay was performed in triplicate.
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3.3.12 In vitro osteoarthritis model

The employed model was adapted from previously described metiged80,37)

3.3.12.1Cell culture

Canine chondrocytes (CnCs) isolated from normal canine articular cartilage (Cell

Applications, Inc., San Diego, CA, USA) were

Medi um/ Hamés N ul2withoaitrphenoMeédysupplementatton with 20% heat
inactivated fetal bovine serum and peniciimeptomycin (10 mg/L) and incubated at 37°C in a
5% CQ atmosphere. The cell subculture and cell number procedures were followed as

previously describe(B0).

3.3.12.2In vitro osteoarthritis model procedure

CnCs were counted and seeded om24 plates at 32,000 cells/well. The seeded cells
were incubated at 37°C in a 5% g&mosphere for 24 h. On the day of the experiment, stock
solutions of 3methoxypterostilbene and carprofen, the positive control, were made (10% DMSO

and 90% cell culture medium). Stock solutions were diluted with cell culture medium to yield

finalconcem r at i ons of 0. 1, 1.0, 5.0, 10, 50, 100 a
filtered through 0.2 em filters. At the start
h. Following aspiration of the serufree media from the wells, cellswearer e at ed wi t h 50

the preinflammatory cytokine, IEL b ( 1 0 n g /-fredmedium) te iaduae mflammatory
conditions and incubated at 37°C in 5% £&@mosphere for 2 h. Cells were treated with 3
methoxypterostilbene and carprofen concentratiodslitional cells were treated with either
DMSO diluted in medium to reflect total DMSO concentrations in treatment groups (0.1%) or
only medium. The final concentration of fetal bovine serum in the wells was 20%. Treated and

control cells were incubated 3f°C in 5% CQ atmosphere for 72 h after which the cell plates
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were removed from the incubator and media was collected and ste8&d@tuntil further
analysis. Medium collected was analyzed for six key mediators and indicators of extracellular
matrix caabolism released during inflammatory events; prostaglandiR GE), tumor necrosis
factorU ( FUNF i n-6 @Lk6), matakoprateinasd® (MMP-3), nitric oxide and sulfated

glycosaminoglycans (sGAG).

CnC medium was assessed for B&Eough the usef an assay kit purchased from
Cayman Chemical Company (cat. no. 514010, Ann Arbor, MI, USA). In the assay, all major
PGE, metabolites are converted into one stable derivate which is then measured through an
enzyme immunoassay. The plates were read absorbance of 412 nm at room temperature (23

+ 1°C). The assay was performed in quadruplet.

CnC medium was assessedforFTNF usi ng a commerci al assay |}
Cayman Chemical Company, Ann Arbor, MI, USA). This is an enzyme immunoassay hased o
doubleantibody sandwich technique. Each well of av@8l plate was coated with a monoclonal
antibody specificfor TNEJ whi ch bindsi ntor ashyc ddNFi nt o the we
acetylcholinesterase: Fabd conj umndadelectivela&€dh E: Fab
different epitope ofthe TN\ mol ecul e. The two antibodies for
opposite side ofthe TNBE mol ecul e. The -@doins eddtrearn miomea fby N
the enzymatic activity of the AChE through the additoof EIl | mands r eagent t
yellow-colored product which can be measured spectrophotometrically at 412 nm at room

temperature (23 = 1°C). The assay was performed in quadruplet.

A commercial assay kit was used to assess CnC medium-6(dat.no. 583361,

Cayman Chemical Company, Ann Arbor, MI, USA). This is an enzyme immunoassay based on a
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doubleantibody sandwich technique. Each well of av@8l plate was coated with a monoclonal
antibody specific for IE6 that binds to any H6 introducedih o t he wel |l . An AChE:
conjugate is added to the well, which selectively binds to a different epitope oféhe IL

molecule. These two antibodies form a sandwich by binding on opposite sides ebthe IL

molecule. The concentration of-f.is determinedymeasuring the enzymatic activity of the

AChE through the addition of -chlorédpradudiwshichi® agent
measured spectrophotometrically at 412 nm at room temperature (23 + 1°C). The assay was

performed in quadruplet.

CnC malium was assessed for MiVBPusing a commercial assay purchased from
RayBiotech, Inc. (cat. no. ELAMMP-3-001, Norcross, GA, USA). This was an ELISA assay
that employs a MMB3 antibody for a 94avell plate. The plates are read at 450 nm at room

temperatured3 + 1°C). The assay was performed in quadruplet.

Nitric oxide was quantified in CnC medium using a commercial assay kit (cat. no. 40020,
Active Motif, Carlsbad, CA, USA). The assay monitors the production of nitric oxide based on
the quantitation of nitte and nitrite concentrations through a 8tep method including the
addition of two cofactors to the nitrate reductase reaction. The cofactors accelerate the
conversion of nitrate to nitrite while simultaneously degrading excess NADPH to NADP. The
reductse reaction is completed in 30 min and colorimetric determination is directly measured by
the addition of Griess reagent. Total nitrate/nitrite concentration is quantified using the nitrate
assay. Endogenous nitrate concentration is determined by simgtthet endogenous nitrite
concentration from the total nitrate/nitrite concentration. Assays were performed in quadruplet

and plates were read at 540 nm at room temperature (23 £ 1°C).
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CnC medium was assessed for SGAG through an assay kit purchaséfroya
Biomedical Company (cat. no. B®4, Seattle, WA, USA). The assay utilizes Alcian blue dye, a
tetravalent cation with hydrophobic core which allows the dye to bind to the negatively charged
SGAGs. At high ionic strength, the absorbance of the sfdbien bluesGAG polymer can be

measured at 595 nm at room temperature (23 + 1°C). The assay was performed in quadruplet.

3.3.13 Human cytochrome P450 inhibitory activities

The inhibitory effects of 3nethoxypterostilbene and resveratrol on the catalytic desvit
of cDNA-expressed human P450 enzymes were determined usin§ P&D screening kits
according to the manufactureros instr ®ctions
CYP3A4 green (cat. no. P2857), Vili€YP2C9 green (cat. no. P2860), ViliG€YP1A2 blue
(cat. no. P2963) and VivfdCYP2D6 blue (cat. no. P2972). Briefly, the assays were performed
in 96-well blackwall plates with clear bottoms (BD Falcon, BD Biosciences, Billerica, MA,
USA) in kinetic assay mode. Stock solutions of 10 mi&hoxypterostilbene and resveratrol
were prepared in methanol (CYP3A4 and 1A2) or acetonitrile (CYP2D6 and 2C9) and diluted to
yield finalirwel | concentrations of 0.01, 0.1, 1.0,
stilbene or positive inhibitorconto |l was i ncubated with 50 €L of
BACULOSOMES (insect microsomes expressing one human CYP), regeneration system, and
assay buffer or with only 50 €L of reaction b
+1°C)for20m n. After incubation, the reaction was
fluorescent substrate and NADPmmediately following reaction initiation, plates were
monitored for fluorescence changes every minute for 60 min using a plate reader (Synergy HT
multi-well plate reader, Biotek Instruments Inc., Winnoski, VT, USA) with excitation and

emission wavelengths monitored at 415 nm and 460 nm, respectively, for CYP1A2 and 2D6 and
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485 nm and 520 nm, respectively for CYP3A4 and 2C9. Positive control cothgounwe r e U

naphthoflavond 10 ¢ M, CYP1A2), sulfaphenazole (30 &M,
CYP2D6) and ketoconazole (10 ¢ M, CYP3A4). The
according to the screening kit pnsovéer®@col s to p

performed in triplicate.

Relative inhibition of 3methoxypterostilbene and resveratrol to the positive controls
were calculated by determining the reaction rates (change in fluorescence per unit of time) and
then using the equation; relative inttion (%) = [1- (X7 B)/(AT B)] x 100, whereX is the
fluorescence intensity observed in the presence of the test compaaritie fluorescence
intensity observed in the absence of inhibitor (solvent control)Basdhe fluorescence
intensity obsared in the presence of the positive inhibitor control according to the assay kit
instructions. These values were used to calculate relatigedflies using®hoenixWinNonlin

software (er. 6.3; Certara, St. Louis, MQJSA).

3.3.14 Data analysis

Compiled data we presented as mean and standard error of the mean (mean + SEM).
Where possible, the data were analyzed for statistical significeateemined through the use of
unpai r e dttestwith eaiu¢ d@ s 0.05 being considered statistically significé®igma

Plot, wer. 11.0, Systat Software, Inc., San Jose, G8A).

3.4 RESULTS AND DISCUSSION

3.4.1 Pharmacokinetic study
Standard curves established linearity over the concentration range studied for the serum

and urine samples. Chromatograms showed no interference from endogenous components. Total
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sampl es (i nguurocaidasedroni icdlitiipe EX-A) verified thepresence of a
glucuronidated metabolite based on the increasemetBoxypterostilbene (aglycone parent
compound) concentrations after enzymatic hydrolysis in both serum and urine. Glucuronidation
of 3-methoxypterostilbene parallels previous rat and hushagies with resveratrol existing

predominately in its conjugated form in both plasma and (88

The serum cacentration versus time profile for {fosed 3methoxypterostilbene
demonstrates a rapid decline in concentration in the first hour, representing a distribution phase,
which was followed by a steady elimination up to 24 h, after which the serum conoestrati
were bel ow detect abl e FiguweB.2ad. Brmethaxypiemsiilbengdésed 5 ¢ g
PO displayed rapid absorption with an averagg of 30 mins Figure3.2 b). The
glucuronidated metabolite in both routes of administration appeared to display multiple peaking
which is suggestive of enterohepatic recycling as ineithl an increase in serum concentration
around 4 h after dose for both routes of administration. Enterohepatic recycling has previously

been reported for resverat(@7,39)
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Figure 3.2 3-Methoxypterostilbene disposition in serdioiowing: a) intraveus administratior
(10 mg/kg,n = 4, meant SEM); b) oral administration (100 mg/kg= 4, meant SEM).
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(@) (b)

Table3.1 summarized the pharmacokinetic parameters exhibited by 3
methoxypterostilbene at an IV dose of 10 mg/kg and a PO dose of 100 mg/kg. Non
compartmental analysis using WinNonlin software (veéd) tvas used to model both serum and
urine data. The total serum clearance-ofi@hoxypterostilbene was determined to be 47.8 +
23.7 L/h/kg for IV dosing and 0.480 + 0.0800 for PO dosing. The mean fraction excreted in urine
unchangedff) was 1.64 + 0.95% for IV and 1.24 + 0.160% for PO, indicating that 3
methoxypterostilbene is mainly excreted viamenal routes. Renal clearance (&L was
measured at 0.760 + 0.46 L/h/kg for IV and 0.0100 £ 0.00100 L/h/kg for PO, and hepatic
clearance (Chepatic= CLiotai T Clrena) Was determined to be 47.1 + 23.3 L/h/kg for IV and 0.480 *
9.0800 L/h/kg for PO, assuming that A@mal clearance is hepatic clearance. The volume of
distribution of 3methoxypterostilbene is 5.11 + 0.380 L/kg IV, which is greater thiah body

water of the rat, suggesting thatfthoxypterostilbene is highly distributed into tissues. The
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mean area under the curve (AUC), representing the total amount of exposure in the serum over
ti me, was 48.1 N 23.8 ¢ gmlhfdr BQ. The serum tokcerdratioh 2 2 9
of 3-methoxypterostilbene declined very slowly with a mean eliminationlifelft,,) of 18.9 +

10.9 h for IV and 73.3 + 8.91 h for PO. The oral bioavailability fone&hoxypterostilbene was

determined to be 50.6 + 1Y%.

Table 3.1 Pharmacokinetic parameters efrethoxypterostilbene in the rat € 4/route of

administration).

Pharmacokinetic paramete Intravenous Mean + SEM Oral Mean + SEM

AUCins (pg-h/mL) 48.1 + 23.8 229 + 44.6
Vds (L/kg) 5.11 + 0.380 -
CLnepatic(L/h/kg) 47.1 +23.3 0.480 + 0.0800
CLyenal(L/h/kg) 0.760 + 0.460 0.0100 £ 0.000
CLiotal (L/N/kQ) 47.8 +23.7 0.480 + 0.0800
Fe (%) 1.64 + 0.950 1.24 +0.160
t12(h) serum 18.9+10.9 73.3+£8.91
t12(h) urine 9.54 +1.51 20.6 £ 3.01
MRT (h) 26.0+£15.0 105+13.1
Bioavailability (F%) 100 50.6 + 10.0

Reported bioavailability of resveratrol in rats ranges from 20 to 388%3)and <1%
in humang40) with a wide variability in pharmacokinetic parametarsag individualg41).
Speciesdependent rapid conjugation with higher glucuronidation rates and affinity in humans
may limit stilbene bioavailability and show expressed differencpbanmacokinetics between
rodent and human studies. Poor bioavailability in humans is a potential limitation in the use of
resveratrol as a therapeutic agent, hence the interest in structural analogs. 3
Methoxypterostilbene oral bioavailability in rats leeen determined to be 50.6 £ 10.0%. The
melting point range of-Bnethoxypterostilbene was experimentally determined to be 88.5

91.2°C. The reported melting point range of resveratrol isZEs3C(42). Therefore, 3
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methoxypterostilbene has a lower crystallinity than resveratrol. The low crystallinity of 3
methoxypterostilbene is responsible for its increased dissolution over resveratrol. Furthermore,
the aqueous solubility of resverdti® ~30 mg/mL(43) and the predicted aqueous solubility,

using AlogPg9,44) of 3methoxypterostilbene is8 mg/L. The increased bioavailability of 3
methoxypterostilbene in rats compared to resveratrol is likely dug mwer crystallinity

resulting in enhanced dissolution over resveratrol and may be in part due to differences in
solubility and absorbance which should be examined further in future studies. The increased
bioavailability of 3methoxypterostilbene over re=atrol in rats may extend to greater

bioavailability of 3methoxypterostilbene than that of resveratrol in humans.

Analysis of urine samples for both routes of administration displayed the presence of the
parent compound,-Bethoxypterostilbene, and tgkicuronidated metabolite previously
identified in the serum. The total cumulative urinary excretion pkitgi(e3.3 a and b)
indicated that 3nethoxypterostilbenes excreted predominately in the aglycone form following
PO administration and almost equally in the aglycone and glucuronide conjugate form following
IV dosing. The glucuronide metabolite appeared to be mostly excreted by 12 h after dose for
both routes badministration while 3nethoxypterostilbene (aglycone) appeared to be
predominately excreted by 12 h after IV administration but steadily increased in excretion even
at 72 h postiose for PO administration. The urinary of 3-methoxypterostilbene was
determined to be 9.54 + 1.41 h for IV administration and 20.6 + 3.01 h for PO administration.
The rate of urinary excretion plotSigure3.3 ¢ and d) indicated th&methoxypterostilbene and
its glucuronide metabolite have similar rates of excretion as indicated by their parallel slope (
KE/2.303) for IV administration but the glucuronide metabolite appeared to have a greater rate

of excretion over the aglycone afftO administration.
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The total dose of-Bnethoxypterostilbene administered was 10 mg/kg for IV and 100
mg/kg PO. The average weight of the rats in this experiment was ~200 g. Each rat received ~2
mg of 3methoxypterostilbene 1V and ~20 mg PO. The plotsuphulative amount excreted in
urine for both the aglycone and glucuronide m
respectively for IV and 341 e&€g and 182 g, re
overall dose administered (~2 mg and 29 for IV and PO, respectively). This further suggests
that 3methoxypterostilbene is eliminated predominately by-resral routes. As previously
mentionedf. was 1.64 + 0.950% for IV and 1.24 + 0.160% for Po, and therefoxg.as
0.760 = 0.460 L/h/kdor IV and 0.0100 = 0.00100 L/h/kg for PO. Excretion via{nenal routes
for 3-methoxypterostilbene agrees with the literature reports cfewal excretion of other

stilbenes, including resveratr@7,30)

106



Figure 3.3 Urinary Excretion plots of-8nethoxypterostilbene) total cumulative 3
methoxypterostilbene and glucuroemhe t a b ag) excreted irf wrine over fRafter
intravenous administration (10 mg/kg= 4); b) cumulative 3methoxypterostilbene and
glucuroni de metabolite (e€g) excreted inF
4); c) rate of excreto n (& gnktimoxypterdstilb8ne and glucuronide metabolite in urine
over 72 h after intravenous administration (10 mgrkg, 4 ) ; d) rate of
methoxypterostilbene and glucuronide metabolite in urine over 72 h after oral aditiamstra

(100 mg/kgn = 4). Data presented as mean + SEM.
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3.4.2 Content analysis of dried traditional Chinese medicinal plants
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Evaluation of thes. salsulaextract and drie®R. palmatumndicated that only th8. salsula
extract contained detectable concentrationsmwieBhoxypterostilbend he aglycone
concentration for th8. salsulaextract was determinedtobe 0.8423/ g and t he t ot al
concentration of 3nethoxypterostilbene (aglycone and glycoside) was determinexlG@353
eg/ g i ndi-mahoxyptegostitbdnaexist3primarily in its aglycone forr.isalsula
extract.Despite the report thati@ethoxypterostilbene exists as an aglycone of a stilbene
glycoside inR. palmatum(2), the compound was not detected as an aglycone or glycoside in the
commercially available dried Chinese rhubdt is suspected thatrBethoxypterostilbene may
be detectable in other commercially available Chinese rhubarb samples and that plant variation

likely accounts for the lack of measurable concentrations in this sample.

3.4.3 Anti-oxidant capacity of 3nethoxyperostilbene

Figure3.4 reports the antbxidant capacity of 3nethoxypterostilbene in units of Trof®x
equivalents (eg/ mL). The basel-oxidamtcdpixiy8BD2 onl y)
N 7.47 g/ mL or OmetBoxypterSstillfene@éh®ristratadvh) modest
concentratiordependent anthxidant activity with an aribxidant capacityatd g/ mL of 98 . 6
13.7 eg/%elguTirvaalloexnt s (0.394 N 0.0546 mM) and a
2. 70 ¢ g/ “heguivdlents (0.69% + 0.00940 mM). This indicates that 3
methoxypterostilbene prevents oxidation at comparable levels to Fralamot better (as seen at
lower concentrations).-Blethoxypterostilbene demonstrated significantly greater activity
compared to the basel i nd&<8.Gnapdthesnlyfsigndicant1 0 t o 1
differences between resveratrol anth8thoxypterostilene were present at the two highest

concentrations teB4008), 50 and 100 eg/ mL (
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Figure 3.4 Anti-oxidant capacityn = 4, mean + SEM) of-Bnethoxypterostilbene and
resveratrol at/midissolvell jn DBISO. *signidficadtl) greater ghan baselin
(DMSO) sampleR < 0.05).Significantly different from resveratrol at the same concentratio

(P<0.05).

The ability of 3methoxypterostilbene to function as an amtidant is of importance as
the wide range of health benefits of polyphenols are thought to result at least in part from their
antioxidant capacity. For example, the ability of resveratrolniit lihe start and progression of
atherosclerosis is associated with the compou
polyunsaturated fatty acid45). It is likely that the health benefits ofrBethoxypterostilbene
will also be associated with its andkidant capacity. In the literature, it is well known that the
number and position of the hydroxyl groups on stilbenes are critical for bioactivity and anti

oxidant capacity46i 49). A computer model of anbixidant activity of hydroxystilbenes
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