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ABSTRACT
Natural products are teeming with potential therapeutic agents. One group of compounds,
polyphenols, from plants, exhibit anti-cancer, anti-inflammatory and anti-oxidant activities. Four
polyphenolic compounds and their enantiomers were investigated in this thesis; the stilbene, 3methoxypterostilbene, a structural analog of resveratrol, and the chiral prenylflavonoids from
hops (Humulus lupulus L.); 8-prenylnaringenin, 6-prenylnaringenin and isoxanthohumol. A high
performance liquid chromatography method for 3-methoxypterostilbene and enantiospecific
liquid chromatography-mass spectrometry assays for the three prenylflavonoids were developed
and validated. The methods allowed for quantification of these four polyphenols in biological
samples and plant-based materials. Content analysis studies of 3-methoxypterostilbene and the
three prenylflavonoids in traditional Chinese medicinal plants and hops-containing nutraceuticals
were carried out, respectively. The pharmacokinetics of these four compounds were delineated
through intravenous and oral administration in rats. 3-Methoxypterostilbene demonstrated
greater bioavailability in rats than reported values for resveratrol. Enantiomeric differences in
disposition parameters were observed for the three prenylflavonoids along with differences
between compounds despite only small structural differences. The in vitro pharmacodynamics of
these four compounds were elucidated including anti-oxidant, anti-inflammatory, anti-diabetic
and cytochrome P450 modulation activities. All four compounds demonstrated a range of
bioactivities related to chronic diseases and potential drug-botanical interactions. Further studies
of polyphenols, especially clinical studies, are needed along with enantiospecific study when
applicable to continue delineating the importance of bioactivity, pharmacokinetics and safety.
Natural products are further developed into nutraceuticals and sold over-the-counter for
both human and veterinary use but are not currently required to demonstrate efficacy prior to
ii

marketing. In the final section of this thesis, Phycox®, a multi-component veterinary
nutraceutical for joint health was investigated for pharmacological activity in an in vitro model
of canine osteoarthritis along with select constituents. A pilot single-dose pharmacokinetic study
in dogs was also undertaken. Two liquid chromatography tandem mass spectrometry methods
were developed and validated to detect constituents in serum. In vitro study results indicated that
Phycox® 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 Phycox® are 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 compounds: 3-methoxypterostilbene,
isoxanthohumol, 8-prenylnaringenin and 6-prenylnaringenin. The sections include the formation,
molecular structure and natural sources of these compounds as well as literature reviews of their
pharmacological activities, detection methods and pharmacokinetics. The two following sections
of this chapter review multi-component nutraceuticals for the treatment of osteoarthritis for
humans and veterinary health including the quality control, safety and clinical efficacy of these
products as well as the introduction to one veterinary multi-component nutraceutical for
osteoarthritis currently on the market, Phycox®. The last portion of this chapter includes the
hypotheses, objectives and organization of this thesis.
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1.2 INTRODUCTION
Natural products represent an 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 derivatives of
natural products (1). While bioactive 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 flavonoids
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 preventative health care 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 users (2) . The pharmaceutical, nutraceutical and food
and beverages companies have capitalized on the consumer’s demand- currently there are over
1,000 companies producing 29,000 different preparations of medical plant products globally
which equates to a $60 billion global industry (3,4).
In pharmaceutical sciences, much attention and focus is paid to human health; however,
veterinary health also represents an important 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 species tailored for veterinary application (5). Due to economic, environmental and
regulatory factors, companion animal pharmaceutical product sales represent a rapidly growing
sector of veterinary pharmaceuticals (5) and this has translated to veterinary nutraceutical and
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supplement products as well. Companion animal owners who purchase nutraceutical products for
themselves are also likely to purchase nutraceuticals for their pets as they view this as part of
responsible pet ownership (6). 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 under these regulations.
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 scrutinized using
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 (200-400 g/mol), naturally occurring polyphenolic
compounds found in a wide range of plant and plant sources with the common 1,2diphenylethylene structure shown in Figure 1.1. The double bond linkage, which joins the two
benzene rings, can produce cis and trans forms of the molecule depending on the location of
functional groups; however, naturally occurring stilbenes generally exist in the trans form. It is
of note that the trans form of stilbenes tends to have greater pharmacological potency than the
cis form across a range of anti-cancer and anti-oxidant assays (7).
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Figure 1.1 General trans-stilbene chemical structure.

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 pests (8). Induced
stilbenes tend to be concentrated in the fruits and/or leaves of the plant and are variable in
concentrations (7). They are synthesized via the phenylpropanoid pathway (9). In this pathway,
phenylalanine is transformed into cinnamate by the enzyme, phenylalanine ammonia-lyase.
Another enzyme, cinnamate 4-hydroxylase, converts cinnamate to p-coumarate. Next, 4coumarate CoA ligase adds an acetyl-CoA group to form p-coumaroyl-CoA. Lastly, stilbene
synthase transforms the compound into a general stilbene structure (10).
In addition to stilbenes, 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 plant (11).
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1.4 RESVERATROL
The best-characterized stilbene in the literature is trans-resveratrol (Figure 1.2), which is
most prevalently found in red wine, peanuts, grapes, cranberries and the root of the traditional
Chinese medicinal herb, Polygonum cuspidatum (12–14). Resveratrol received public attention
as the compound implicated in the explanation for the “French paradox.” The “French paradox”
is described as an anomaly in which a population in southern France, which partakes in smoking
and eats a high-fat diet, displays a low mortality rate from cardiovascular disease. The population
also consumes a moderate amount of red wine of which resveratrol is a unique constituent not
found in other commonly consumed foods and beverages in their diet (14–19). Resveratrol has
been found to display a myriad of bioactivities associated with cardioprotective, longevity, anticancer, anti-inflammatory, anti-diabetic and anti-obesity activities along with preventative
activities against other chronic and aging-related diseases (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 paradox (14). Despite this view, research into
resveratrol as a single chemical constituent continues to be topical.
Figure 1.2 Chemical structure of trans-resveratrol.

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 production (21,22). Resveratrol can also be found in concentrated form in a
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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 dosage (23). These types of
products can deliver up to 100 times more resveratrol in one dosage than a single glass of wine.
Although resveratrol has shown an array of bioactivities, especially in in vitro studies, the
success of the compound as a potential therapeutic in vivo is first and foremost affected by its
bioavailability. If sufficient concentrations in 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 itself, in humans is less than 1% and even
when very high doses of up to 5 mg are administered orally, plasma concentrations remain
extremely low or undetectable (24,25). This is in part due to the rapid phase II metabolism by the
body to facilitate renal elimination (25,26). However, the bioavailability of resveratrol is
enhanced when administered in the wine matrix (14). In fact, it has been shown that with daily
moderate consumption of red wine, sufficient concentrations are reached in vivo to elicit
pharmacological activities shown in in vitro studies (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 wine matrix (phytocomplex) (28,29).
The best option for obtaining sufficient concentrations of resveratrol in vivo is through
moderate, daily, red wine consumption (14). However, this method of administration is often
prohibitive. Religion, age, economic status, geography, disease and impracticality are just a few
factors that would discourage daily, moderate consumption of red wine. In addition to
formulating resveratrol to enhance bioavailability, which then brings about toxicity concerns as it
is has been shown to be hormetic in bioactivities (25,30), 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 bioavailability (24,31).

1.5 3-METHOXYPTEROSTILBENE
3-Methoxypterostilbene (trans-3,3’5-trimethoxy-4’hydroxystilbene) C17H18O4 MW
286.324 g/mol is a naturally occurring stilbene (Figure 1.3). It is a structural analogue of
resveratrol (Figure 1.2).
Figure 1.3 Chemical structure of 3-methoxypterostilbene.

3-Methoxypterostilbene has been isolated in two plants used in traditional Chinese
medicine; Sphaerophysa salsula (also known as Swainsona salsula) (32) and Rheum palmatum
(Chinese rhubarb) (33). S. salsula is used to treat hypertension and R. palmatum is used to treat
digestive disorders (32,33).
Due to 3-methoxypterostilbene’s structural similarity to resveratrol and presence in
traditional Chinese medicinal plants as well as it three methoxy functional groups, it may also
possess potential health benefits. A handful of other research groups have begun to elucidate the
bioactivities of 3-methoxypterostilbene although, at present, there is a paucity of published
literature available.
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1.5.1 Pharmacological activities of 3-methoxypterostilbene
1.5.1.1 Anti-oxidant activity
Prior to initiation of the research detailed in this thesis, there were no previous reports of
the anti-oxidant capacity of 3-methoxypterostilbene. However, one report seeking to use
computer modeling to model antioxidant activity of hydroxystilbenes predicted that of 34
hydroxystilbenes, 3-methoxypterostilbene was predicted to not only possess greater anti-oxidant
capacity than resveratrol but also predicted to be one of the most potent anti-oxidant 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, 3-methoxypterostilbene 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) assay than piceatannol
(35). 3-Methoxypterostilbene has been shown to possess greater apoptotic-inducing activity than
resveratrol in human leukemia-derived HL60 cells (36–38).
1.5.1.3 Cardiovascular health
Research investigating resveratrol derivatives and coronary heart disease showed that 3methoxypterostilbene was as effective as resveratrol in the inhibition of bacterial
lipopolysaccharide-induced tissue factor expression in human peripheral blood mononuclear
cells (39).
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1.6 STRUCTURE, FORMATION AND SOURCES OF CHIRAL PRENYLATED
FLAVANONES
1.6.1 Structure
The chemical structure of all flavanones is based on a C6-C3-C6 configuration consisting
of two aromatic rings joined by a three-carbon link and nearly all flavanones have one chiral
center at the carbon in position 2 (Figure 1.4) with the exception of 3-hydroxyflavanones
(dihydroflavonol) and catechins, which contain two chiral centers at the carbon atoms in position
2 and 3. Prenyl groups (prenyl, geranyl and/or lavanduly substituents) are primarily found on the
A ring at position 6 and/or 8 but may also appear at 3’ and/or 5’ as well (40). The prenyl groups
increase the lipophilicity of the molecule compared to the non-prenylated analogues giving the
prenylated analogues strong affinities to biological membranes (41).
Figure 1.4 Spatial disposition of the enantiomers of chiral flavanones. *Denotes chiral center.

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
9

well as for the prevention of environmentally induced abiotic stress (42). Also like stilbenes,
flavonoids are synthesized via the phenylpropanoid pathway. However, instead of stilbene
synthase transforming p-coumaroyl-CoA into a stilbene, chalcone synthase transforms pcoumaroyl-CoA into a general chalcone structure (10). At this point, the chalcone can be
subjected to further enzymatic involvement by chalcone isomerase to form the general chiral
flavanone structure or subjected to prenyltransferase. The formed chiral flavanones structure can
also be subjected to prenyltransferase (42).
1.6.3 Sources
Prenylated flavonoids 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 families (42).

1.7 ISOXANTHOHUMOL
Isoxanthohumol (IX) ((2,3-dihydro-7-hydroxy-2-(4-hydroxyphenyl)-5-methoxy-8-(3methyl-2-butenyl)-4H-1-benzopyran-4-one), C21H22O5, MW 354.40 g/mol (Figure 1.5), is a
prenylated flavonoid containing a single chiral carbon center. IX is found in the female flowers
(cones) of hops (Humulus lupulus L.) as a minor flavonoid constituent (43). However, during the
beer making process, xanthohumol (XN), the corresponding chalcone to IX constituting 80-90%
of the total prenylated flavonoids in hops, is almost entirely (98%) thermally isomerized to IX in
the brew kettle (44). Therefore, beer represents the single greatest dietary source of IX, making
up the vast majority of the 0.14 mg/day prenyflavonoids the average United States citizen
consumes from beer (45). Additionally, hops-containing nutraceuticals and dietary supplements
marketed for menopause support and hormone replacement, anxiety and relaxation aids, breast
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enhancement, pain relief and sleep aids (46), also represent a significant source of IX both for
their content of IX and because in vivo, XN undergoes acid-catalyzed cyclization to IX under the
acidic conditions in the gastrointestinal tract (47). Another natural source of IX is the shrub,
Sophora flavescens (“Shen Ku”), which is used in traditional Chinese medicine to treat
conditions such as fever, inflammation, ulcers and skin burns (48).
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 bioactivities of IX 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 isoxanthohumol. *Denotes chiral carbon center.

1.7.1 Pharmacological activities of isoxanthohumol
1.7.1.1 Anti-oxidant activity
Total anti-oxidant capacity of IX has been examined in several in vitro anti-oxidant
assays; ferric-ion reducing anti-oxidant power assay, automated oxygen radicals absorbance
11

capacity assay, Trolox equivalent absorbance capacity assay and inhibition of iron (II) induced
microsomal lipid peroxidation assay. When compared to other prenylated chalcones and
flavonoids from Helichrysum tertifolium, IX showed some of the greatest total anti-oxidant
capacity of the compounds assayed through the Trolox equivalent absorbance capacity assay
(4160.66 ± 7.72 μM Trolox equivalents/gram). However, it did not consistently outperform the
other compounds in the two other measures of total anti-oxidant capacity employed in the study
(49). Another study measuring anti-oxidant effects of beer constituents through scavenging of
1,1-diphenyl-2-picrylhydrazyl radicals found that IX, along with related compound XN, 8PN and
6-prenylnaringenin (6PN) had half maximal scavenging concentrations greater than 250 μM
(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 cell lines. At the time of the writing of this thesis,
IX had been examined in 5 cancer cell lines to determine anti-proliferative properties of the
compound. In two lines of prostate cancer cell lines (PC-3 and DU145), IX was found to have
dose-dependent reduction of both cell lines with greater reduction in the PC-3 line (51). At 100
μM, IX reduced PC-3 and DU145 cells by more than 50% in 2 h through cellular vacuole
formation-induced autophagocytosis (52). IX was also examined for anti-proliferative activity in
three cell lines of colon cancer, HT-29 and SW620 as well as the non-malignant IEC-6. IX was
found to have the greatest potency in the HT-29 cell line with an IC50 of 16.9 ± 0.9 μmol•dm-3.
The IC50 for the SW620 line was 37.3 ± 3.2 μmol•dm-3. IX was found to not affect the IEC-6 cell
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 factorβ, which has been indicated in not only tumor development but also in other degenerative
diseases such as osteoporosis, Alzheimer’s disease and myocardial infraction (54). Studies using
invasive breast cancer MDA-MB-231 cell line revealed that IX strongly reduced expression of
the cytokine (55).
1.7.1.3 Angiogenesis inhibition
In one study using human microvascular endothelia cells (HMEC-1), IX was found to
both inhibit endothelial cell migration with great efficacy (IC50 0.07 ± 0.01 μM) and inhibit the
formation of tubular microcapillaries with an IC50 of 0.6 ± 0.09 μM (56). Another study found
that IX activated the mechanism of programmed cell death by preventing the formation of
capillary-like structures in both human umbilical vein endothelial cells and human aortic smooth
muscle cells (57).
1.7.1.4 Endocrine activities
8PN is the most potent phytoestrogen currently known but IX shows only very week
estrogenic activity (58,59). However, in vivo, IX is readily O-demethylated by gut flora and
converted by CYP1A2, a P450 drug metabolizing enzyme, into 8PN (60).
1.7.1.5 Anti-obesity activities
In a murine mature adipocyte cell line (3T3-L1), IX was found to reduce cell viability and
induce apoptosis with maximal results observed using 100 μM IX for 48h (the experimental
range was 25-100 μM IX for 24 and 48 h). Apoptosis was determined to be induced by oxidative
stress. IX also inhibited lipid accumulation in maturing preadipocytes and inhibited
differentiation into mature adipocytes (61).
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1.7.1.6 Anti-diabetic activity
In one report of α-glucosidase and α-amylase inhibition by IX, IX showed the weakest
inhibition of α-glucosidase compared to the other lavandulylated flavonoids and prenyflavonoids
form Sophora flavescens assayed with an IC50 value of 127 μg/mL. IX showed no inhibition of
α-amylase, even at 354.4 μg/mL (62).
1.7.1.7 Anti-microbial properties
One study investigated the anti-viral activity of isoxanthohumol against several RNA and
DNA viruses; bovine viral diarrhea virus, human immunodeficiency virus, influenza A virus,
influenza B virus, rhinovirus, respiratory syncytial virus, yellow fever virus, cytomegalovirus,
hepatitis 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 herpes simplex virus 2
(4.2 ± 2.3) and the rhinovirus (3.1 ± 1.2). IX showed little anti-viral activity against the other
viruses examined (63).
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 CYP2C9 (64).
1.7.1.9 Modulation of ATP-binding cassette transporters
The inhibition of breast cancer resistance protein (BCRP/ABCG2) by IX was
investigated using Spodoptera frugiperda (Sf9) insect cells which expressed ABCG2. The IC50
value for inhibition of ABCG2 was determined to be 0.077 ± 0.020 μM. Of XN, IX and 6PN, IX
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possessed the second greatest potency as an ABCG2 inhibitor and was nearly 5 times more
potent than XN (65).
1.7.2 Methods of detection 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, hop-containing products and biological matrices. The
developed methods almost exclusively use liquid chromatography with UV detection and many
methods coupled liquid chromatography with mass spectrometry (54). Prior to the initiation of
the research presented in this thesis, there were two enantiospecific methods of analysis in the
literature for IX; however, neither was demonstrated to be sensitive, selective or reproducible nor
were they utilized for quantification in biological matrices. One method reported separation of
IX to obtain pure enantiomers to use in bioactivity studies using HPLC without showing
representative chromatograms and did not include any IX-related results (59). The other method
separated IX in beer using hydroxypropyl-γ-cyclodextrin-modified micellar electrokinetic
chromatography; however, it was not demonstrated to be sensitive, selective or reproducible nor
was it utilized for quantification in biological matrices (66).
1.7.3 Pharmacokinetic examination of isoxanthohumol
At the time the research presented in this thesis was initiated, no published single-dose
pharmacokinetic studies of IX administered by itself in the literature existed. A pre-clinical
pharmacokinetic study in rats administered XN intravenously and orally and monitored 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
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administered IX along with XN, 8PN and 6PN in a standardized hop dietary supplement to five
women at three different doses (60).

1.8 8-PRENYLNARINGENIN
8-Prenylnaringenin (8PN) (5,7-dihydroxy-2-(4-hydroxyphenyl)-8-(3-methyl-2-buten-1yl)-2,3-dihydro-4H-chromen-4one), C20H20O5, MW 340.37g (Figure 1.6), is a naturally
occurring prenylflavonoid with a single chiral carbon center that is most commonly associated
with the female flowers (cones) of hops (Humulus lupulus L.) (58,69). 8PN has also been
described in Sophora flavescents (70,71), S. tomentosa L. (72–74), S. moorcroftiana (75)
Anazagorea luzonensis A. (76), Glycyrrhiza glabra (77), G. eurycarpa (77), Macaranga conifera
(78), M. bicolor (79), Desmodium caudatum (80), Azadirachta indica (81), Citrus natsudaidai
(82), C. medica (82), C. sinensis (82), Bosisstoa medicinalis (83), Marshallia grandiflora (84),
Wyethia helenioides (85–87), W. scabra (88), Helichyrysum athrixifolium (89), Esenbeckia
berlandieri (90), Glycosmis chlorosperma (91) and Thymus serpyllum (92), all of which have
reported ethnomedicinal uses. Exposure to 8PN is primarily through the consumption of beer
(45) with 8PN reported in beer at concentration ranges from non-detectable to 240 μg/L across
various styles of beer around the world (58,93–99). Additionally, as previously mentioned, IX,
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. Hops-containing
nutraceuticals and natural products 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 known (58).
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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 examined enantiospecific bioactivity related to its estrogenicity (59,100) and its
enantiospecific bioactivities remain largely uninvestigated.
Figure 1.6 Chemical structure of 8-prenylnaringenin. *Denotes chiral carbon center.

1.8.1 Pharmacological activities of 8-prenylnaringenin
1.8.1.1 Anti-oxidant activity
One report measuring anti-oxidant effects of beer constituents through scavenging of 1,1diphenyl-2-picrylhydrazyl radicals found that 8PN, along with related compound XN, IX and
6PN had half maximal scavenging concentrations exceeding 250 μM and thus lacking potency
(50). Another report which treated MCF-7 breast cancer cells with XN and 8PN found that
treatment across the concentration range of 0.01-20 μM with 8PN, 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
concentrations (101).
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1.8.1.2 Anti-cancer activities
In the breast cancer cell line MCF-7, 8PN was unable to decrease cell proliferation across
all concentrations assayed (0.001- 20 μM for 48 h) (101). Another study found that proliferation
of the MCF-7 line was increased across 0.001-0.1 μM but decreased from 1-10 μM; however
increased proliferation was not observed in rat mammary glands in vivo (102). In a report
examining the anti-proliferative activities of 8PN against human PC-3 prostate cancer and UO.31
renal carcinoma cell lines, a clear dose-dependent relationship (6.25-100 μM) was observed. In
two lines of prostate cancer cell lines (PC-3 and DU145), 8PN was found to have dosedependent reduction of both cell lines with greater reduction in the PC-3 line (51). A follow up
study determined that 8PN induced cell death through cellular vacuole formation induced
autophagocytosis (52). In a report measuring the cytotoxicity of 8PN against HL60 (leukemia),
A549 (lung), AZ521 (stomach) and SK-BR-3 (breast) cancer cell lines, 8PN proved to be most
potent against AZ521 with an IC50 value of 24.7 ± 2.0 μM and least effective against the A549
cell line with an IC50 of 44.4 ± 2 μM (103).
1.8.1.3 Angiogenesis inhibition
In vitro and in vivo assays have demonstrated the angiogenesis inhibition of 8PN by the
same group by using bovine endothelial cells. In vitro, 8PN was found to inhibit angiogenesis
induced by fibroblast growth factor and vascular endothelial growth factor with IC50 values
between 3-10 μM and in vivo, 8PN reduced vessel length and vein diameters(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
substances in hops (105) but it was not until 1999 that 8PN was determined 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 determined in vitro using human endometrial
cells Ishikawa Var-1 and confirmed using an estrogen-inducible yeast screen. Binding affinity to
estrogen receptors (ER) in rat uteri was also assessed (58). Two investigations into enantiomeric
differences in estrogenic activity yielded conflicting results. One report found similar estrogenic
activities between the two enantiomers in a yeast screen and in an estrogen-responsive human
endometrial Ishikawa Var-1 cells (59). One other report using recombinant human estrogen ER-α
and ER-β from cytosolic SF9-cell extracts found that both 8PN enantiomers displayed high
affinity and selectivity for ER-α but S-8PN exhibited an overall higher affinity for both receptors
than R-8PN (100).
In vivo animal experiments have 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 weight (106). A follow up study performed by
another group confirmed that bone loss induced by ovariectomies in rats was reduced following
chronic dosing of 8PN (107). In one report using ovariectomized female Swiss albino mice,
acute uterine vascular response, uterotrophic response 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 uterine epithelial height and
vaginal epithelial height (108). The effects of the hypothalamo-pituitary-uterine axis following 3month 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 serum-luteinizing hormone and follicle-stimulating
hormone, increased serum prolactin level and uterine weight, induction of vaginal hyperplastic
epithelium and mammary gland secretion (109,110). In an animal model of menopausal hot
flashes using ovariectomized rats, subcutaneous daily administration of 400 μg/kg of 8PN for 2
days significantly decreased the tail skin temperature similar to estradiol (4 μg/kg) (111).
Presently, there exists one preliminary single oral dose, double-blind, randomized,
placebo-controlled, dose escalating (50, 250 and 750 mg) study of 8PN as a hormone
replacement therapy in healthy, menopausal women (n = 24). Blood was drawn before and at 1,
2, 3, 4, 6, 8, 12, 16 and 24 h post-dose to monitor follicle-stimulating hormone and luteinizing
hormone. Follicle-stimulating hormone was not significantly altered from placebo following all
doses of 8PN but luteinizing 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 follicle-stimulating hormone was similar to those observed after
administration of 2 mg 17β-estradiol to postmenopausal woman (112).
1.8.1.5 Anti-inflammatory activity
An in vitro model of inflammation using RAW 264.7 murine macrophages was employed
to investigate the anti-inflammatory properties of 8PN. Inflammation was induced with
lipopolysaccharide. Treatment with 8PN was found to reduce gene expression of tumor necrosis
factor-α (TNF-α), inducible nitric oxide synthase and cyclooxygenase (COX)-2 as well as reduce
release of the inflammatory mediators TNF-α, nitric oxide, and prostaglandin E2 (PGE2) (113).
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1.8.1.6 Cardiovascular-related activity
Adult, female ovariectomized rats were administered 6.8 or 68.4 mg/kg body weight of 8PN or 0.17 and 0.7 mg/kg body weight of 17-β-estradiol benzoate every day for 3-months. There
was a dose-dependent decrease in cholesterol, low-density lipoprotein, and high-density
lipoprotein concentrations in the rats following administration of estradiol. The high dose of 8PN
decreased cholesterol and low-density lipoprotein but had not effect on high-density 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
anti-atherosclerotic profile than estradiol and 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 anti-aggregatory and anti-adhesive effects on
human platelets which were independent of estrogen receptors. The study concluded that 8PN
may be a potential therapy for prevention of vascular diseases associated with platelet
aggregation such as atherosclerosis, myocardial infraction , coronary artery disease and
thrombosis (115).
1.8.1.7 Modulation of cytochrome P450 drug metabolizing enzymes
8PN has been determined to be a potent inhibitor of CYP1A2 (64,116) and the CYP2C
family of P450 drug metabolizing enzymes including CYP2C19, CYP2C8 and CYP2C9 (64).
1.8.1.8 Modulation of ATP-binding cassette transporters (ABC transporters)
8PN was found to inhibit P-glycoprotein and multidrug resistance-associated protein 1.
Human erythrocytes were used to investigate inhibition of multi-drug resistance-associated
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protein 1 with an IC50 value of 5.76 ± 1.80 μM. Drug-sensitive and doxorubicin-resistant
sublines of human colorectal adenocarcinoma (LoVo) cell lines were used to determine Pglycoprotein transport inhibition. 8PN was found to inhibit transport activity up to 50 μM (117).
The inhibition of breast cancer resistance protein (BCRP/ABCG2) by 8PN was investigated
using Spodoptera frugiperda (Sf9) insect cells which expressed ABCG2. The IC50 value for
inhibition of ABCG2 was determined to be 0.043 ± 0.002 μM. Of XN, IX and 6PN, 8PN
possessed the greatest potency as an ABCG2 inhibitor (65).
1.8.2 Methods of detection of 8-prenylnaringenin
At the start of the research project, there were no validated enantiospecific methods of
analysis for 8PN in biological matrices. As with IX, methods of detection for 8PN have been
developed for a variety of samples including beer, hops, hop-containing products and biological
matrices. The primary techniques for quantitative analysis of 8PN are LC-MS and LC-MS/MS
methods using C8 and C18 reverse phase stationary phases (118). Using acidic mobile phases
initially results in greater signal intensity for LC-MS and LC-MS/MS and has been used in most
published methods of analysis (118) but 8PN, as well as IX and 6PN, are reported to be unstable
under acidic conditions as cyclization of the prenyl side chain results in the transformation of
these three compounds into four-ring structures and decreases the signal over time during
analysis (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 biological matrices. 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-γcyclodextrin-modified micellar electrokinetic chromatography (120); however, none were
22

demonstrated to be sensitive, selective or reproducible nor were they utilized for quantification in
biological matrices.
1.8.3 Pharmacokinetic examination of 8-prenylnaringenin
At the time research 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 post-menopausal women (112). A pre-clinical pharmacokinetic study in rats
administered XN intravenously and orally and monitored 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 different doses (60).
In the single-dose oral pharmacokinetic study of 8PN in post-menopausal women,
subjects were administered 50, 250 or 750 mg of 8PN following an overnight fast (n = 6/dosage).
Subjects were allowed food 4 h hours after dosing. Blood was collected at 0, 0.5, 1, 1.5, 2, 3, 4,
6, 8, 12, 16, 24 and 48 h post-dose and urine was collected at 0, 0-8 h, 8-16 h and 16-24 h postdose. Serum concentration-time curves revealed clear dose linearity. A secondary peak occurring
at 7-10 h post-dose 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 1.5 ± 0.8 h 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 in post-menopausal
women regardless of dose, with only 0.2% of each dose excreted unchanged in the urine (112).
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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 publications (67,68) that 8PN
can spontaneously and reversibly convert into 6PN via the unstable prenylchalcone intermediate,
desmethylxanthohumol (DMX).

1.9 6-PRENYLNARINGENIN
6-Prenylnaringenin (6PN) (2,3-dihydro-5,7-dihydroxy-2-(4-hydroxyphenyl)-6-(3-methyl2-butenyl)-4H-1-benzopytan-4-one), C20H20O5, MW 340.37 g/mol (Figure 1.7), is a naturally
occurring prenylflavonoid with a single chiral carbon center that is most commonly found in the
female flowers (cones) of hops (Humulus lupulus L.) (69,121). 6PN has also been described in
Wyethia invenusta (122), W. glabra (123), Glycyrrhiza glabra (124), Psoralea corylifolia (125–
128), Lupinus luteus (129), and Sophora tomentosa L. (130). Human exposure to 6PN occurs
primarily through the consumption of beer as hops cones are used as aroma, flavoring, and
preservative agents in beer, although it is considered a minor prenylflavonoid constituent
compared to XN, IX and 8PN (45,131). 6PN has been reported in beer at concentration ranges
from 0.001-0.074 mg/L across various styles of beer (131). However, natural health products and
dietary supplements containing H. lupulus plant materials or extracts of purified 6PN represent
another significant source of 6PN, as with IX and 8PN.
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 activity of its positional isomer, 8PN (132).
However, some studies of additional bioactivities of 6PN have been undertaken by other research
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groups. At 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 6-prenylnaringenin. *Denotes chiral carbon center.

1.9.1 Pharmacological activities of 6-prenylnaringenin
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 known) (132). A later
study determined that 6PN did not show any specific binding to ER-α or ER-β (133). Additional
estrogenic activity studies using Ishikawa ER-α positive endometrial adenocarcinoma cells and
MCF-7 breast cancer cells for estrogen-response element (ERE), estrogen-inducible progesterone
receptor (PR) expression levels and induction of alkaline phosphatase were carried out. 6PN did
not significantly alter ERE expression in Ishikawa or MCF-7 cells from the DMSO baseline. PR
expression was also not significantly changed by 6PN in either cell line from the DMSO
baseline. 6PN was inactive even at 20 μg/mL in inducing alkaline phosphatase in Ishikawa cells
(133).
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1.9.1.2 Anti-cancer activity
In a study investigating the anti-proliferative properties of prenylated flavonoids from
hops in two prostate cancer cell lines (PC-3 and DU145), 6PN was found to be the second most
potent anti-proliferative compound tested, after XN, with particular potency against PC-3 (IC50
18.4 ± 1.2 μM). Dose-dependent reduction of both cell lines was observed with greater reduction
in the PC-3 line (51). A follow up study determined that 6PN induced cell death through cellular
vacuole formation induced autophagocytosis, as did all of the prenylated flavonoids examined
(52). In a report examining the anti-proliferative activities of 6PN against human PC-3 prostate
cancer and UO.31 renal carcinoma cell lines, a clear dose-dependent relationship (6.25-100 μM)
was observed. In a two-stage carcinogenesis test in mice, 6PN, applied topically, was able to
significantly delay the formation of papillomas as well as reduce papillomas when compared to
untreated controls (134).
1.9.1.3 Anti-microbial properties
6PN was found to be an inhibitor of the growth of Trichophyton spp (minimum inhibitory
concentration of 3.13 μg/mL), which is a pathogenic fungi in humans (121). It also showed
activity against Staphylococcus aureus with a minimum inhibitory concentration of 6.25 μg/mL
(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 CYP2C9 (64).
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1.9.1.5 Modulation of ATP-binding cassette transporters (ABC transporters)
The inhibition of breast cancer resistance protein (BCRP/ABCG2) by 6PN was
investigated using Spodoptera frugiperda (Sf9) insect cells which expressed ABCG2. The IC50
value for inhibition of ABCG2 was determined to be 0.538 ± 0.059 μM, which was nearly 13fold weaker than 8PN (65).

1.9.2 Methods of detection of 6-prenylnaringenin
At the start of the research project, there were no validated enantiospecific methods of
analysis for 6PN in biological matrices. As with IX and 8PN, methods of detection for 6PN have
been developed for a variety of samples including beer, hops, hop-containing products and
biological matrices. The primary techniques for quantitative analysis of 6PN are LC-MS and LCMS/MS methods using C8 and C18 reverse phase stationary phases (118). Using acidic mobile
phases initially results in greater signal intensity for LC-MS and LC-MS/MS and has been used
in most published methods of analysis (118). 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 into four-ring
structures and decrease the signal over time during analysis (119). 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 parameters are provided (59).
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1.9.3 Pharmacokinetic examination of 6-prenylnaringenin
At the time the research presented in this thesis was initiated, no published single-dose
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 doses (60). It has been previously
reported, without scientific investigation, by another research group in two publications (67,68)
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
mammals (135). OA has many causes and 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 Canada (136). 27
million United States citizens (136) and 4.5 million Canadians have clinical OA (137) and the
prevalence of the disease and OA-related 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 felines (138), 20% of adult canines, 80% of geriatric canines (135) and 14% of the
general equine population are estimated to have OA (139). Currently, invasive and non-invasive
methods are used to treat OA. In both human and veterinary medicine, pharmacological
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treatments for OA are popular and are used in conjunction with life-style modifications as firstline treatments for an OA sufferer (136). However, pharmacological treatments are only used to
manage OA-associated pain and inflammation but none currently exist to slow or reverse the
disease.
Non-steroidal anti-inflammatory drugs (NSAIDs) remain the most common
pharmacological treatments across species for attenuation of clinical signs of OA (140–142). In
one mechanism of action, NSAIDs act by inhibiting COX-1 and COX-2, which are involved in
the production of prostaglandins resulting in analgesic, anti-inflammatory and anti-pyretic effects
(143,144). Use of NSAIDs is associated with adverse effects including gastrointestinal toxicity,
cardiovascular toxicity, renal toxicity, negative effects on chondrocytes and cartilage-matrix
formation and delay of bone healing (140,143–151). 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 NSAIDs for the
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 HCl and chondroitin sulfate,
represent the largest category of nutraceutical and natural supplements for veterinary medicine
(6,152). According to the US Centers for Disease Control and Prevention, musculoskeletal
problems, including joint pain, stiffness, and arthritis, were the most common reason a
complementary or alternative medicine practice, such as the use of non-vitamin, non-mineral
natural products, was initiated in 2007. Of the 4 out of 10 adults in the US who reported using
complementary and alternative medicine practices, 17.7% were using non-vitamin, non-mineral
natural products. Glucosamine accounted for nearly 20% of the non-vitamin, non-mineral natural
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product usage reported (153). 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 well (4) as owners see it as part of responsible pet
ownership (6). Presently, a trend in nutraceutical and natural product supplements is multicomponent 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 disease-related targets to evoke interdependent pharmacological
activities to achieve optimal effects in a more moderate way than single compounds interacting
with single targets (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 quality (166). However, as with
single constituent nutraceuticals, multi-component nutraceuticals are plagued with safety and
quality 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 and Drug Administration or Health Canada.
Additionally, regulatory policies for natural products largely vary world-wide (164,167,168).
Perhaps multicomponent nutraceuticals pose even more difficulty in insuring safety and 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 starting material 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 microbial) (166).
The inherent nature of nutraceuticals, being 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 unknown (165,166). A multicomponent nutraceutical containing several plant product extracts could have thousands upon
thousands 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 study of nutraceuticals for OA
treatment and may account for the large inconsistencies in clinical trials (169).
DNA fingerprinting based-methods 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 DNA-containing material (166).
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 preparation or chromatographic method development and reference standards
and it is a reproducible method with high throughput capacity (170,171). However, qNMR
requires very expensive instrumentation and well-trained 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 becomes (170,171).
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Chromatographic techniques represent versatile tools for nutraceutical analysis and
quality control as they can be used for authentication, quantification as well as adulterant and
contaminant identification (166). Chromatographic techniques coupled with mass spectrometry
offer a powerful tool for identification 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 careful sample preparation, method development, and reference standards are required.
Additionally, the mass spectrometry instruments can be very costly and also require trained
personnel (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 developed and implemented from raw material collection (and growth if the
nutraceutical contains plant-based products) to manufacturing (166).
1.10.3 Clinical efficacy
While there are several systematic review papers and meta analyses which review the
efficacy of nutraceuticals and supplements available for OA in human and veterinary medicine,
very few of the studies conducted in the literature have been for multi-component products
(169,175–177). Most multicomponent nutraceuticals with efficacy data in the literature at the
time the research for this thesis was initiated were for chondroitin 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 glucosamine-HCl 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 when undenatured type II collagen was given in addition to glucosamine-HCL and
chondroitin sulfate (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 treatment (178) but an earlier study found that by 8 weeks of treatment
with glucosamine-HCL, chondroitin sulfate and N-acetyl-D-glucosamine, horses showed
significant improvement from baseline with further improvements seen at 12-weeks (179).
Additional studies in the literature for equine efficacy also showed contradictions (180). In
humans, there are far more studies of efficacy and even the meta analyses are at variance with
the overall results but nutraceutical supplementation has been reported to reduce joint-space
narrowing in knee OA patients following recent meta-analyses (175,181).
Two studies in humans involving multicomponent nutraceuticals 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 “duhuo jisheng wan” made up of seven herbs in comparison 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 were limiting to its clinical value for OA (182). Another study examined the short term (1
week) efficacy of two patches containing “fufang nanxing zhitong gao” (12-herb mixture) or
“shangshi jietong gao” (17-herb mixture) compared to a placebo patch for knee 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 compounds (183).
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A multi-flavonoid mixture, flavocoxid (Limbrel®, Primus Pharmaceutical, Inc.,
Scottsdale, AZ, USA), which is a prescription medical food, in the United States has been
approved for use in chronic OA since 2004. There exists a long term and short term clinical
study of flavocoxid, both authored by Primus Pharmaceuticals, Inc. In a 1-month clinical trial for
flavocoxid using 103 subjects, management of knee OA symptoms compared to naproxen.
Flavocoxid was found to be as effective as naproxen at reducing the signs and symptoms of knee
OA (184). In a 12 week study using 220 subjects, flavocoxid’s management of knee OA
symptoms was again compared to naproxen and results were consistent with the short term study
in that the nutraceutical was found to be as effective in reduction of signs and symptoms of knee
OA as naproxen. Furthermore, the long-term study found that flavocoxid demonstrated better
upper gastrointestinal, renal (edema), and respiratory safety profile than naproxen (185).
Flavocoxid is described as a dual inhibitor of 5-LOX and COX (both isoforms) (184,185).
Despite the long-term clinical study’s report of a good safety profile, a case series appeared in
the Annals of Internal Medicine in 2012 describing 4 patients with acute liver injury suspected
due to flavocoxid use. All patients were females between 57-68 years old who received
flavocoxid twice daily (250-500 mg) for OA symptoms who developed liver injury within 1-3
months of therapy initiation (186).
Many clinical trials in the literature for multi-component nutraceuticals for osteoarthritis
lack statistical power or are too short in duration (187). High quality research exploring the
efficacy of multi-component 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 multi-component joint health veterinary nutraceuticals produced by
Dechra Pharmaceuticals PLC (Northwich, England) currently on the market globally. Phycox® is
marketed as a potent COX-2 inhibitor that supports joint mobility and healthy bone structure for
canines, equines and felines (188). Phycox® products are labeled as containing 18 active
ingredients (4 of which are chemically complex ingredients; citrus bioflavonoids, grape seed
extract, turmeric and the blue-green algae extract labeled as Phycox® active) and six inactive
ingredients (4 of which are chemically complex ingredients; flaxseed oil, hydrolyzed vegetable
protein, marine lipid concentrates and natural liver flavor) (Table 1.1). At the time the research
presented in this thesis was initiated, there were no reports in the literature for Phycox® regarding
its safety or efficacy in any capacity.
Table 1.1 Phycox® soft chew formula for canines (188) (Phycox® active ingredient is a
proprietary blue-green 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 μg
Selenium
10 μg
Alpha tocopheryl acetate (vitamin E)
25 IU
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 shown in vitro and
in some cases in vivo evidence in the literature as having anti-inflammatory effects related to OA
including glucosamine, methyl sulfonyl methane, grape seed extract (resveratrol), citrus
bioflavonoids (hesperetin), turmeric (curcumin) and the proprietary blue green algae extract
labeled as “Phycox® active” which contains c-phycocyanin (CPC) (189–193). CPC is a unique
ingredient included in these formulations and is reported to be a selective COX-2 inhibitor (194),
a potent anti-oxidant (195) and has also demonstrated hepatoprotective, anti-aggregant,
neuroprotective and analgesic activities (191). 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 similar to bilirubin. Like
bilirubin, phycocyanorubin is a free radical scavenger and the bioactive properties of CPC in
vivo are suspected to be due to the similarities of the chromophore to biliverdin (196).

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 affect the pharmacokinetic parameters and
bioactivity of polyphenols. 3-Methoxypterostilbene is a candidate in therapeutic development
due to its structural similarity to resveratrol. However, there are very few reports of bioactivity
studies and no pharmacokinetic data for 3-methoxypterostilbene in the literature. Moreover,
there are no reports in the literature describing methods in the literature to quantify 3methoxypterostilbene in biological matrices such as serum or urine. These knowledge gaps need
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to be addressed in order to better assess whether 3-methoxypterostilbene 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 be assessed (197,198) yet this
recommendation has gone relatively untranslated in natural product research. In regards to the
chiral H. lupulus prenyflavonoids, even after a report appeared in 2003 detailing that there was
an enantiomeric difference in ER affinity for the two enantiomers of 8PN (100), no additional
investigations into the enantiospecific activities of these compounds were undertaken in the
literature for 8PN or the related chiral prenyflavonoids, IX 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 presently on 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 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
could be species tailored for veterinary application (5). Due to economic, environmental and
regulatory factors, companion animal pharmaceutical product sales represent a rapidly growing
sector of the pharmaceutical industry (5) and this impetus has translated to veterinary
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nutraceutical and supplement products as well. In North America, Health Canada and the Food
and Drug Administration regulate supplements sold for human 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 is even more pronounced in multi-component nutraceutical formations and
the Phycox® product line is one such multi-component veterinary nutraceutical which remains
unevaluated for efficacy and pharmacokinetic disposition in the literature.
Hypotheses:
It is hypothesized that 3-methoxypterostilbene is a bioactive polyphenol that possess
pharmacological activities which may benefit health. It is hypothesized that a small structural
difference between 3-methoxypterostilbene and resveratrol may lead to significant differences in
pharmacokinetic disposition but result in similar pharmacodynamics when examined for
pharmacological bioactivities.
It is hypothesized that 8-prenylnaringenin, 6-prenylnaringenin and isoxanthohumol have
stereospecific differences in metabolism, pharmacokinetic disposition as well as
pharmacodynamic behavior that may affect their pharmacological activity.
It is hypothesized that Phycox® and constituents are selective COX-2 inhibitors that will
reduce concentrations of inflammatory mediators in an in vivo model of canine osteoarthritis
comparable to the veterinary non-steroidal anti-inflammatory drug, carprofen. It is hypothesized
that select constituents will be present in systemic circulation at detectable concentrations
following single oral administration 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 for 8-prenylnaringenin, 6prenylnaringenin and isoxanthohumol (Chapter 4). To develop and validate liquid
chromatography-tandem mass spectrometry (LC/MS/MS) assays for Phycox®
constituents (Chapter 10).
2. To measure and quantify the content of 3-methoxypterostilbene (Chapter 3), 8prenylnaringenin, 6-prenylnaringenin and isoxanthohumol (Chapter 4) in nutraceuticals
and/or plants products.
3. To examine the pre-clinical pharmacokinetics of 3-methoxypterostilbene (Chapter 3) and
enantiospecific pre-clinical pharmacokinetics 8-prenylnaringenin (Chapter 5), 6prenylnaringeinn (Chapter 7) and isoxanthohumol (Chapter 6) in a rodent model. To
examine the single dose oral pharmacokinetics of select Phycox® constituents in a canine
model.
4. To assess the in vitro pharmacodynamics of 3-methoxypterostilbene (Chapter 3), 8prenylnaringenin, 6-prenylnaringenin and isoxanthohumol (Chapter 8) including:
a. To determine the in vitro anti-oxidant capacity
b. To assess anti-inflammatory potential through inhibition of cyclooxygenase-1 and
-2 as well as lipoxygenase and in a model of osteoarthritis using canine
chondrocyte cells.
c. To evaluate possible anti-diabetic activity through reduction of post-prandial
hyperglycemia via inhibition of α-amylase and α-glucosidase as well as dipeptidyl
peptidase-4 inhibition.
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d. To assess potential drug-botanical interactions through modulation of human
cytochrome P450 enzymes.
5. To examine the pharmacological effects of Phycox® and select constituents in an in vitro
model of osteoarthritis using canine chondrocytes along with anti-oxidant capacity
measurement, cyclooxygenase and lipoxygenase inhibition to determine if Phycox® and
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 3METHOXYPTEROSTILBENE

2.1 ABSTRACT
A method of analysis for 3-methoxypterostilbene [trans-3,3’5-trimethoxy4’hydroxystilbene] in biological fluids is necessary to study pharmacokinetics. A novel and
simple high-performance 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 serum or urine and samples were precipitated with cold acetonitrile at -20°C. Separation
was achieved with a Phenomenex® Luna© C18(2) (5 μm, 250 x 4.60 mm) column with ultraviolet
detection at 327 nm. The calibration curves in both matrices were linear ranging from 0.05 to
100 μg/mL (174.6 nM – 349.3 μM), and the mean extraction efficiency was >99%. Precision of
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 method was 0.05 μg/mL (174.6 nM).

** A version of this thesis chapter has been published:
Martinez SE, Sayre CL, Davies NM. Analysis of 3-methoxypterostilbene in biological fluids by
high-performance liquid chromatography: application to pre-clinical pharmacokinetics.
Biomedical Chromatography 2013; 27: 67-72.
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2.2 INTRODUCTION
3-Methoxypterostilbene (trans-3,3’5-trimethoxy-4’hydroxystilbene) C17H18O4 MW
286.324 g/mol (Figure 2.1 A), is a naturally occurring stilbene that can be found in the shrub
Sphaerophysa salsula, used in Chinese folk medicine to treat hypertension (1). 3Methoxypterostilbene can also be found as an aglycone of a stilbene glucoside in Chinese
rhubarb (2). Additionally, the compound may be easily synthesized using simple combinatorial
synthesis (3–7). Resveratrol, the best characterized stilbene, has been shown to possess
chemopreventive and cardioprotective properties (8), but generally requires high concentrations
to be reached in the body that may be difficult to achieve owing to poor oral bioavailability of
the compound (9). Thus, there is an interest in identifying derivatives of resveratrol which
possess comparable or greater bioactivity to resveratrol at much lower concentrations or possess
increased oral bioavailability.
Figure 2.1 Chemical structures of: A) 3-methoxypterostilbene; B) internal standard, pinosylvin

There is a paucity of information in the literature on the bioactivity of 3methoxypterostilbene. In a report seeking to identify biologically active piceatannol analogs with
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greater stability than piceatannol, 3-methoxypterostilbene 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) assay than piceatannol
(3). Research investigating resveratrol derivatives and coronary heart disease showed that 3methoxypterostilbene was as effective as resveratrol in the inhibition of bacterial
lipopolysaccharide-induced tissue factor expression in human peripheral blood mononuclear
cells (9). 3-Methoxypterostilbene has been shown to possess greater apoptotic-inducing activity
than resveratrol in human leukemia-derived HL60 cells (4,10,11). In a report seeking to model
anti-oxidant activity of hydroxystilbenes, 3-methoxypterostilbene was predicted to be more
potent than resveratrol and was estimated to be one of the most potent compounds modeled (34
hydroxystilbenes were modeled) (12).
Due to 3-methoxypterostilbene’s structural similarity to resveratrol and its presence in
traditional Chinese medicinal plants, 3-methoxypterostilbene may also possess potential health
benefits. However, the metabolic pathways of 3-methoxypterostilbene must be understood in
order to identify the metabolism kinetics of the compound. Currently, there is no published
literature on the pharmacokinetics of 3-methoxypterostilbene. Prior to evaluating the
biotransformation of the compound, it is critical to develop an assay for its quantification that is
both sensitive and selective. 3-Methoxypterostilbene 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, isocratic, reversed-phase HPLC method using ultraviolet detection for the
determination of 3-methoxypterostilbene 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 Corporation® (East Windsor, NJ,
USA). Pinosylvin was purchased from Sequoia Research Products Ltd (Oxford, UK). HPLCgrade 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 (Kyoto, Japan), consisting of two LC-10A
pumps, a SIL-10AF auto-injector, a SPD-M10A photo diode array detector, and a SCL-10A
system controller. Data collection and integration were achieved using Shimadzu EZStart Class
VP (Version 7.4) software. The analytical column used was a Phenomenex® Luna® C18(2) (5 μm,
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 isocratically at ambient (23 ± 1°C) temperature 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 solutions of 3-methoxypterostilbene (100 μg/mL or 349.3 μM) and the
internal standard, pinosylvin (100 μg/mL or 471.2 μM) (Figure 2.1 B), were prepared. These
solutions were protected from light and stored at -20°C 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 3-methoxypterostilbene or other drugs), yielding a series of concentrations,
namely 0.05, 0.1, 0.5 1.0, 5.0, 10.0, 50.0 and 100.0 μg/mL (174.6 nM – 349.3 μM).
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Quality control samples were prepared from stock solutions of 3-methoxypterostilbene by
dilution with blank rat serum and urine to yield target concentrations of 0.25, 12.5, 25, 37.5 and
75.0 μg/mL (873.1 nM – 261.9 μM). The quality control samples were divided into 0.1 mL
aliquots in microcentrifuge tubes and stored at -20°C prior to use.
2.3.4 Sample preparation
The working standards of 3-methoxypterostilbene (100 μL), internal standard (50 μL) and
blank male Sprague-Dawley rat urine or serum (100 μL) were combined in microcentrifuge
tubes. 1.0 mL of cold acetonitrile at -20°C was added to each microcentrifuge tube. Urine and
serum standard curve samples were vortexed (Vortex Genie-2, VWR 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 microcentrifuge tubes
and evaporated to dryness by a steam of nitrogen gas. The residues were reconstituted with 200
μL of mobile phase, vortexed for 30 s, and centrifuged at 14,000 rpm for 5 min. The supernatant
was transferred to HPLC vials and 100 μL was injected into the HPLC system.
2.3.5 Precision, accuracy and recovery
The intra- and inter-day run precision and accuracy of the replicate assays (n = 6) were
tested using the same eight concentrations of 3-methoxypterostilbene described above. The intraand inter-day run precision and accuracy of the assays were estimated from the results of six
replicate assays on six different days during a one-week period. The precision was evaluated by
the relative standard deviation (RSD). The accuracy was estimated based on the mean percentage
error of measured concentration to the actual concentration.
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Recovery of 3-methoxypterostilbene from rat serum and urine was assessed over 0.05-100
μg/mL (174.6 nM – 349.3 μM) (n = 3). Samples were prepared and injected into the HPLC
system as described above. The extraction efficiency was determined by comparing the peak area
ratio (PAR) of 3-methoxypterostilbene 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 freeze-thaw stability of 3-methoxypterostilbene was evaluated at five concentrations,
namely 0.05, 0.5, 5.0, 50 and 100 μg/mL (174.6 nM – 349.3 μM) in rat serum and urine. A new
stock solution of 3-methoxypterostilbene (100 μg/mL of 349.3 μM in methanol) was prepared
for use in the samples. These samples were analyzed without being initially frozen and then
stored at -20°C and thawed at ambient temperature (23 ± 1°C) for three cycles.
The stability of 3-methoxypterositlbene in reconstituted extracts during run-time in the
HPLC auto-injector was investigated using samples at the same previously mentioned
concentrations. Samples were prepared and kept in the sample rack of the auto-injector (23 ±
1°C) and injected into the HPLC system 24 h after preparation as per short-term temperature
stability determination recommendations by the FDA guidance (13).
Stability of the samples was determined by comparing the PAR of 3-methoxypterostilbene
and internal standard of fresh samples to the PAR of the samples undergoing the stability testing.
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2.3.7 Data analysis
The quantification of concentrations was based on calibration curves constructed using the
PAR of 3-methoxypterostilbene to the internal standard, against 3-methoxypterostilbene
concentrations using underweighted least squares 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 water 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 AlogPs 2.1 (14), XlogP
for pinosylvin was calculated to be 3.40 ± 0.27 and 3.54 ± 0.49 for 3-methoxypteorstilbene.
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 separation between the internal
standard and analyte of interest. Acceptance criteria were assessed in accordance to the US Food
and Drug Administration guidelines (13).
Separation of 3-methoxypterostilbene and the internal standard in rat serum and urine was
successfully achieved under reverse-phase conditions using the Phenomenex® Luna® C18(2)
column. There were no interfering peaks co-eluted with the compounds of interest in either
matrix (Figure 2.2 A and Figure 2.3 A). The retention times of 3-methoxypterostilbene and
internal standard were approximately 7 and 4 minutes, respectively in both matrices (Figure 2.2
B,C and Figure 2.3 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, freeze-thaw stability, stability of reconstituted extracts, precision,
accuracy and recovery.
Figure 2.2 Representative chromatograms in serum of: A) blank serum demonstrating no
interfering peaks co-eluted with the compounds of interest; B) rat serum containing internal
standard and 3-methoxypterostilbene with concentration of 50 μg/mL (174.6 μM); and C)
chromatogram of rat pharmacokinetic serum sample containing a concentration of 3methoxypteorstilbene 0.25 h post intravenous dose (10 mg/kg).

2.4.2 Linearity and limit of quantitation
Excellent linear relationships (r2 = 0.998) were demonstrated between the PAR of 3methoxypterostilbene to the internal standard and the corresponding serum concentrations of 3methoxypterostilbene over a range of 0.05-100 μg/mL (174.6 nM – 349.3 μM). The mean
regression lines from the validation runs in serum were described by 3-methoxypterostilbene
(μg/mL) = 0.0213 ± 0.000216x – 0.000400 ± 0.000126. An excellent linear relationship (r2 =
75

0.999) was also demonstrated between the PAR of 3-methoxypterostilbene to the internal
standard and the corresponding urine concentrations of 3-methoxypterostilbene over a range of
0.05-100 μg/mL (174.6 nM – 349.3 μM). The mean regression lines from the validation runs in
urine were described by 3-methoxypterostilbene (μg/mL) = 0.0225 ± 0.000151x – 0.000600 ±
0.000121.
The limit of quantitation of this assay was 0.05 μg/mL (174.6 nM) in both matrices with
the corresponding inter-day relative standard deviation of 10.6% and bias of 12.8% for 3methoxypterostilbene in serum, and inter-day relative standard deviation of 11.9% and bias of
8.10% for 3-methoxypterostilbene in urine. The back-calculated concentrations of quality control
samples were within the acceptance criteria for both matrices.
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Figure 2.3 Representative chromatograms in urine of: A) blank urine demonstrating no
interfering peaks co-eluted with the compounds of interest; B) rat urine containing internal
standard and 3-methoxypterostilbene with concentration of 50 μg/mL (174.6 μM); and C)
chromatogram of a rat pharmacokinetic urine sample containing a concentration of 3methoxypterostilbene 2 h post intravenous dose (10 mg/kg).

2.4.3 Precision, accuracy and recovery
The intra- and inter-day run precisions (RSD) calculated during the replicate assays (n = 6)
of 3-methoxypterostilbene in rat serum was <11% over a wide range of concentrations and <12%
for urine (Table 2.1 A). The intra- and inter-day run bias assessed during the replicate assays for
3-methoxypterostilbene varied between -17.4 and 12.8% for serum and -13.7 and 11.1% for
urine (Table 2.1 B). The recovery of 3-methoxypterostilbene was determined over the working
standard range (0.05-100 μg/mL or 174.6 nM – 349.3 μM, n = 6). The extraction 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 and accurate.
Table 2.1 Intra- and inter-day precision and accuracy of the assay for 3-methoxypterostilbene in:
A) rat serum (n = 6, mean, RSD and bias); and B) rat urine (n = 6, mean, RSD and bias).
A) 3-methoxypterostilbene concentration in rat serum (μg/mL)
Added

Observed
Intra-day
0.0491
0.0859
0.438
0.826
4.58
8.65
53.7
98.3

0.05
0.1
0.5
1
5
10
50
100

Inter-day
0.0564
0.0999
0.452
0.879
4.60
9.34
52.3
99.0

RSD (%)
Intra-day
10.3
9.77
2.13
6.75
1.81
0.693
0.546
0.165

Inter-day
10.6
10.5
5.17
2.09
4.25
9.16
3.09
0.733

Bias (%)
Intra-day
-1.86
-14.1
-12.3
-17.4
-8.35
-13.5
7.38
-1.73

Inter-day
12.8
-0.0986
-9.66
-12.1
-7.95
-6.60
4.57
-1.02

B) 3-methoxypterostilbene concentration in rat urine (μg/mL)
Added
0.05
0.1
0.5
1
5
10
50
100

Observed
Intra-day
0.0556
0.0920
0.440
0.863
4.69
8.70
53.2
98.4

Inter-day
0.540
0.100
0.433
0.916
4.38
9.32
52.7
98.8

RSD (%)
Intra-day
4.45
4.56
0.994
1.28
1.73
1.30
0.528
0.160

Inter-day
11.9
8.21
1.84
3.95
2.03
4.87
1.63
0.246

Bias (%)
Intra-day
11.1
-7.99
-12.1
-13.7
-6.20
-13.0
6.41
-1.65

Inter-day
8.09
0.447
-13.3
-8.44
-12.3
-6.75
5.35
-1.24

2.4.4 Stability
No significant degradation was detected in the samples of 3-methoxypterostilbene in
biological fluids following three freeze-thaw cycles. The recoveries of 3-methoxypterostilbene in
serum were 96.6 - 101.8% and 98.4 – 117.6% for 3-methoxypterostilbene in urine. There was no
significant decomposition observed after the reconstituted extracts of 3-methoxypterostilbene
were stored in the auto-injector at ambient temperature (23 ± 1°C) for 24 h. The measurements
were >93.5% of the initial values for extracts of 3-methoxypterostilbene in biological fluids at
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concentrations of 0.05, 5.0, 50 and 100 μg/mL (174.6 nM – 349.3 μM) during the storage in the
auto-injector at ambient temperature for 24 h.

2.5 CONCLUSIONS
In summary, the developed HPLC method for 3-methoxypterostilbene 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 disposition and bioactivity of 3-methoxypterostilbene 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 pre-clinical pharmacokinetics and pharmacodynamics of 3methoxypterostilbene were evaluated in the present study. The right jugular veins of male
Sprague-Dawley rats were cannulated. The rats were dosed 10 mg/kg or 100 mg/kg of 3methoxypterostilbene intravenously (IV) or orally (PO), respectively. Serum and urine samples
were analyzed using a previously validated reversed-phase HPLC method. Serum AUC, serum
t1/2, urine t1/2, Cltotal, and Vd for IV dosing were 48.1 ± 23.8 μg/h/mL, 18.9 ± 10.9 h, 9.54 ± 1.51
h, 47.8 ± 23.7 L/h/kg, and 5.11 ± 0.38 L/kg, respectively (mean ± SEM, n = 4). Serum AUC,
serum t1/2, urine t1/2, Cltotal, and Vd for PO dosing were 229 ± 44.6 μg/h/mL, 73.3 ± 8.91 h, 20.6 ±
3.01 h, 0.48 ± 0.008 L/h/kg, and 52.0 ± 10.5 L/kg, respectively (mean ± SEM, n = 4).
Bioavailability of the stilbene was determined to be 50.6 ± 10.0%. A 3-methoxypterostilbene
glucuronide metabolite was detected in both serum and urine. 3-Methoxypterositlbene exhibited
anti-diabetic activity including α-glucosidase, α-amylase and DPP (IV) inhibitory activities as
well as concentration-dependent antioxidant capacity similar to resveratrol. 3Methoxypterostilbene also exhibited anti-inflammatory activity and reduction in inflammatory
mediators in an in vitro model of osteoarthritis. The stilbene may possess inhibitory activities
against the cytochrome P450 enzymes CYP2C9 and CYP3A4. 3-Methoxypteorstilbene appears
to be a bioactive compound and may be useful in reducing post-prandial hyperglycemia.
** Versions of this thesis chapter have been published:
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3.2 INTRODUCTION
3-Methoxypterostilbene (trans-3,3’5-trimethoxy-4’hydroxystilbene) C17H18O4 MW
286.324 g/mol (Figure 3.1) is a naturally occurring stilbene (1,2) that can also be easily
synthesized using simple combinatorial synthesis (3–7). 3-Methoxypterostilbene is a structural
analogue of resveratrol, which has demonstrated a myriad of potential pro-health effects
including anti-cancer, cardioprotective, anti-inflammatory, neuroprotective, and anti-obesity
properties (8). However, it differs from resveratrol in its physiochemical properties. The
predicted octanol water partition coefficient (XlogP) for 3-methoxypterostilbene is 3.54 ± 0.49
(9) and the experimentally determined XlogP for resveratrol is 1.53 ± 0.01 (10).

Figure 3.1 Chemical structure of 3-methoxypterostilbene.

3-Methoxypterostilbene has been isolated in two plants used in traditional Chinese
medicine. The compound has been found in Sphaerophysa salsula (also known as Swainsona
salsula), a shrub called “ku ma du,” used for the treatment of hypertension (1). 3Methoxypterostilbene has also been found as an aglycone of a stilbene glycoside in the
commonly used Rheum palmatum (Chinese rhubarb), called “da huang,” used to treat digestive
disorders (2).
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Due to 3-methoxypterostilbene’s structural similarity to resveratrol and its presence in
traditional Chinese medicinal plants, 3-methoxypterostilbene may also possess potential health
benefits. However, information in the literature on the bioactivity of 3-methoxypteorstilbene is
scant. In a report seeking to identify biologically active piceatannol (another structural analogue
of resveratrol) analogs with greater stability than piceatannol, 3-methoxypterostilbene was
reported to demonstrate significantly greater activity in a 9KB cytotoxicity assay as well as
crown-gall plant anti-tumor (potato disk) assay than piceatannol (3). 3-Methoxypterostilbene
proved to be as effective as resveratrol in the inhibition of bacterial lipopolysaccharide-induced
tissue factor expression in human peripheral blood mononuclear cells in a study investigating
resveratrol derivatives and coronary heart disease (11). Several studies have also demonstrated
that 3-methoxypterostilbene possesses greater apoptotic-inducing activity than resveratrol in
human leukemia-derived HL60 cells (4,12,13).
With the ever-increasing natural products canon of knowledge and growing concern for
obesity-related 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 diabetes (8). Resveratrol appears to be able to
increase insulin sensitivity in various animal models of insulin resistance (14–18). 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 and pre-diabetic patients
(14,15,19–25). Thus, structural analogues of resveratrol may also possess anti-diabetic properties
similar to those of resveratrol.
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To our knowledge, there have been no studies evaluating the pharmacokinetic disposition
or the in vivo metabolism of 3-methoxypteorstilbene. The objectives of the present study are to
examine the pharmacokinetic disposition of 3-methoxypteorsitlbene as well as its in vivo
metabolism and in vitro anti-diabetic activity. To facilitate this, a reversed-phase high
performance liquid chromatographic (RP-HPLC) method was developed and validated for
quantification of 3-methoxypterostilbene in biological matrices using ultraviolet detection (9).
Additionally, the objectives of this study were to investigate select biological activities of 3methoxypteorstilbene and perform a content analysis on commercially available dried traditional
Chinese herbs reported to contain 3-methoxypterostilbene using the previously validated RPHPLC method. For the first time, the pre-clinical pharmacokinetics, anti-oxidant activity, αglucosidase inhibition, α-amylase inhibition, dipeptidyl peptidase-4 (DPP (IV)) inhibition,
cyclooxygenase-1 and -2 (COX-1 and -2) inhibition, lipoxygenase inhibition (LOX), reduction
of inflammatory mediators in a model of osteoarthritis, and cytochrome P450 inhibitory
activities of 3-methoxypteorstilbene are reported.

3.3 MATERIALS AND METHODS
3.3.1 Chemicals and reagents
3-Methoxypterostilbene was provided by the Sabina Corporation® (East Windsor, NJ,
USA) and pinosylvin was purchased from Sequoia Research Products Ltd (Oxford, UK). HPLCgrade acetonitrile and water were purchased from J.T. Baker (Phillipsburg, NJ, USA). βGlucuronidase type IX A (β-glucuronidase), poly(ethylene glycol) (PEG) 400, dimethyl
sulfoxide (DMSO), α-glucosidase from Saccharomyces cerevisiae, 4-nitrophenyl α-Dglucopyranoside, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), resveratrol,
ibuprofen, etodolac, carprofen, α-naphthoflavone, interleukin-1β, and α-amylase from porcine
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pancreas type VI-B were purchased from Sigma-Aldrich (St. Louis, MO, USA). Amylase HR
reagent was purchased from Megazyme International Ireland (Wicklow, Ireland). β-Glucosidase
from almonds was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Dried
Swainsona salsula extract 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). Sulfaphenazole, quinidine and ketoconazole were
purchased from Cayman Chemical Company (Ann Arbor, MI, USA).
3.3.2 Chromatographic system and conditions
The HPLC system used was a Shimadzu HPLC (Kyoto, Japan), consisting of two LC-10A
pumps, a SIL-10AF auto-injector, a SPD-M10A photo diode array detector, and a SCL-10A
system controller. Data collection and integration were achieved using Shimadzu EZStart Class
VP (Version 7.4) software. A Phenomenex® Luna® C18(2) (5 μm, 250 x 4.60 mm) (Torrance,
CA, USA) column was used. The mobile 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 ± 1°C) using a flow rate of
1.05 mL/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
quantitation (0.05 μg/mL or 174.6 nM). The bias of the assay was <15% and was within 13% at
the limit of quantitation (9).
3.3.3 Animals and surgical procedures
Male Sprague-Dawley rats (~200 g) were obtained from Simonsen Laboratories (Gilroy,
CA, USA) and allowed food and water ad libitum upon arrival to the vivarium. Rats were housed
in a temperature- and humidity-controlled 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 with an oxygen 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, MI,
USA). After cannulation, Intramedic PE-50 polyethylene tubing (Becton, Dickinson and
Company, Franklin Lakes, NJ, USA) was exposed through the dorsal skin. The cannulas were
flushed with non-heparinized 0.9% sterile physiological saline solution. The animals were placed
in metabolic cages to 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 for 3-methoxypterostilbene.
Despite the paucity of 3-methoxypterostilbene pharmacokinetic studies in the literature, studies
on other stilbenes have reported intravenous (IV) dosage ranges from 10 to 20 mg/kg (26–30)
and from 50 to 300 mg/kg for oral (PO) dosage (27,31,32). In keeping with the literature, doses
of 10 mg/kg IV and 100 mg/kg PO were chosen.
3.3.5 Pharmacokinetic study
Male Sprague-Dawley rats (n = 8) were cannulated as described in section 3.3.3. The
animals were placed in metabolic cages following surgery and were recovered overnight and
fasted 12 h prior to dosing but allowed water ad libitum. On the day of the experiment, the
animals were dosed with 3-methoxypterostilbene in PEG 400 either IV (10 mg/kg, n = 4) or PO
(100 mg/kg, n = 4). After dosing, a series of whole blood 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, 0.5, 1, 2, 4, 6, 12, 24, 48 and 72 h for IV and PO dosed rats, respectively. The cannulas
were flushed with 0.5 mL 0.9% non-heparinized 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., Fullerton, CA,
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 at -20°C until analyzed. Urine samples were collected at 0, 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 pre-labeled regular microcentrifuge tubes and labeled as
free and total urine samples and stored at -20°C 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 urine samples (0.1 mL) were run in duplicate with or without the addition of
20 μL of 500 U/mL β-glucuronidase and incubated in a shaking water bath at 37°C for 2 h to
liberate any glucuronide conjugates (33). 1 mL of cold acetonitrile (-20°C) was added to the
urine and serum samples. Samples were vortexed (Vortex Genie-2, VWR 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 microcentrifuge tubes. The samples were evaporated to
dryness by a stream of nitrogen gas. The residues were reconstituted with 200 μL of mobile
phase, vortexed for 30 s, and centrifuged at 10,000 rpm for 5 min. The supernatants were
transferred to HPLC vials and 100 μL was injected into the HPLC system for each sample.
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β-Glucuronidase from E. coli type IX-A acts to specifically cleave the sugar moiety
attached to the parent compound from the 3-methoxypterostilbene glucuronide back into the
aglycone (3-methoxypterostilbene). The samples which did not undergo enzymatic hydrolysis
(free samples) were utilized to determine the concentration of the aglycone, 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 to 3-methoxypterostilbene. Therefore, by subtracting the
free sample concentration from the total sample concentration, the concentration 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 standard error 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 non-compartmental model. The apparent elimination
rate constant (KE) was estimated from the slope of the log-linear phase of declining
concentration versus time plot. The half-life and rate of elimination were determined 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 half-life (t1/2) was determined using the following equation: t1/2 =
0.693/KE. To determine the fraction of unchanged 3-methoxypterostilbene excreted in urine (fe),
the total amount of urine was divided by the total dose administered. The renal clearance
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(CLrenal) was determined by the equation: CLrenal = fe x CLtotal. . Bioavailability was calculated by
pairing IV- and PO-dosed animals together based on body weight. Bioavailability (% F) was
calculated by the following equation %F= [(Dose IV x Area Under the Curve PO)/(Dose PO x Area
Under the Curve IV) 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 medicine- Spaerophysa salsula (Swainsona salsula) and Rheum palmatum (Chinese
rhubarb) (1,2). Dried S. salsula extract and dried Chinese rhubarb are both commercially
available products. Chinese rhubarb was frozen under liquid nitrogen and then ground into a fine
powder. S. salsula extract was already in powdered form. Two 0.1g of each product were
measured and placed 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 (free) and the second of
the duplicates was treated to cleave any glycosides to aglycones (total) by using β-glucosidase
from almonds. The supernatants from the free samples were transferred into new 2.0 mL
microcentrifuge tubes and 50 μL of internal standard, pinosylvin, was added. Samples were
vortexed for 30 s, dried to completion under a stream of nitrogen gas and stored at -20°C until
analysis. The supernatants of the total samples were transferred to new 2.0 mL microcentrifuge
tubes, dried to completion under a stream of compressed nitrogen gas, and reconstituted with
phosphate-buffered saline (200 μL at pH 7.4). 20 μL of β-glucosidase (750 U/mL in phosphatebuffered saline at pH 7.4) was added and samples were incubated for 48 h at 37°C in a shaking
water bath. β-Glucosidase acts by cleaving the glycosidic sugar moieties frequently present in
plant extracts as previously described (29). Acetonitrile (1 mL) was added to stop the enzymatic
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reaction, followed by the addition of the internal standard (50 μL). Samples were centrifuged at
10,000 rpm for 5 min and the supernatant was dried to completion under a stream of compressed
nitrogen gas. Both free and total samples were reconstituted in mobile phase (200 μL), and 100
μL was injected into the HPLC under the same conditions previously described.
3.3.9 Anti-oxidant capacity determination
The anti-oxidant capacities of 3-methoxypterostilbene and resveratrol were measured
through a commonly used and reliable assay that relied on the inhibition of the oxidation of
ABTS (2,2’-azino-di-[3-ethylbenzthiazoline sulphonate]) to ABTS·+ by metmyoglobin (35). The
amount of ABTS·+ can be monitored spectrophotometrically. The degree of suppression of
absorbance caused by the compound of interest is proportional to the concentration of ABTS·+,
which is expressed as Trolox® equivalents (μg/mL). Trolox®, 6-hydroxy,2,5,7,8tetramethylchroman-2-carboxylic acid, is a vitamin E analogue readily used as a standard of antioxidant activity. For this assay, 3-methoxypterostilbene and resveratrol were dissolved in DMSO
on the day of the experiment to yield concentrations of 1, 5, 10, 50 and 100 μg/mL. No
additional dilution was employed. To run the assay, 10 μL of sample was combined with 10 μL
of metmyoglobin and 150 μL chromogen. Then, 40 μL of hydrogen peroxide working solution
was added within 1 min to all the samples. 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 multi-well plate reader and Gen5™ data analysis software (Biotek Instruments Inc.,
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, MI, USA).
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3.3.10 Anti-diabetic activity
3.3.10.1 α-Glucosidase inhibition determination
Inhibition of α-glucosidase was determined through a colorimetric assay adapted and
modified from the method presented by Tadera et al. (36). The assay uses p-nitrophenyl-α-Dglucopyranoside (PNPG), which is hydrolyzed specifically by α-glucosidase into a yellowcolored product (p-nitrophenol). The absorbance at 410 nm of liberated p-nitrophenol was
measured. For this assay, 3-methoxypterostilbene and resveratrol were dissolved in DMSO to
create concentration ranges from 0 to 200 μg/mL. 160 μL of 100 mM phosphate buffer (pH 6.8),
25 μL of 20 mM PNPG in phosphate buffer, and 10 μL of stilbenes in DMSO were added to
wells of a 96-well plate (10 μL DMSO was added to the control wells). The plate was incubated
at 30°C for 5 min and then 10 μL of the buffer containing 0.02 mg/mL of enzyme was added to
each well. The plate was further incubated for 5 min. 20 μL of 3.25 M sodium hydroxide was
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 multi-well plate reader and Gen5™
data analysis software (Biotek Instruments Inc., Winooski, VT, USA). The assay was performed
in sextuplicate.
Inhibition (%) was calculated as [(A - B)/A] x 100, where A was the average absorbance
of the control wells and B was the absorbance of the wells containing stilbenes.
3.3.10.2 α-Amylase inhibition determination
Inhibition of α-amylase was determined through a colorimetric assay also adapted and
modified from the method presented by Tadera et al. (36). A synthetic substrate, non-reducingend-blocked p-nitrophenyl maltoheptaoside (BPNPG7), commercially prepared as amylase HR
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reagent, which is hydrolyzed specifically by α-amylase into p-nitrophenol maltosaccharide is
employed. The α-glucosidase present in the amylase HR reagent then converts the new substrate
into p-nitrophenol and absorbance at 410 nm is measured as previously described in the αglucosidase assay. 3-Methoxypterostilbene and resveratrol were dissolved in methanol to create
concentration ranges from 0 to 200 μg/mL. 100 μL of amylase HR reagent (prepared following
directions accompany the reagent, Megazyme Amylase HR Reagent, cat. no. R-AMHR4), and
40 μL of stilbene in methanol were added to a 96-well plate (40 μL of methanol was added to
control wells). The plate was incubated for 5 minutes at 37°C and then 60 μL of 0.1 mg/mL αamylase in 0.1 M HEPES buffer (pH 6.9) was added to the reaction mixture. After further
incubation at 37°C, for 10 min, 20 μL of 3.25 M sodium hydroxide was added to each well to
stop the reaction. The liberated p-nitrophenol was determined and the percent inhibition was
calculated as previously described in the α-glucosidase assay. The assay was performed in
sextuplicate.
3.3.10.3 Dipeptidyl peptidase IV inhibition determination
Inhibition of dipeptidyl peptidase IV (DPP (IV)) was determined through a fluorescencebased method. The assay uses a fluorogenic substrate, gly-pro-aminomethylcoumarin to measure
DPP (IV) activity. DPP (IV) cleaves the peptide bond to release free aminomethylcoumarin
resulting in fluorescence at an excitation of 350-60 nm and emission wavelength of 450-465 nm.
3-Methoxypterostilbene was dissolved in DMSO to yield a concentration range from 0 to 100
μg/mL. 30 μL of assay buffer, 10 μL of DPP (IV) and 10 μL of 3-methoxypterostilbene in
DMSO were added to wells of a 96-well plate (10 μL of DMSO was added to initial activity
wells). Background wells included 40 μL of assay buffer and 10 μL of DMSO. 50 μL of
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 of 350-360 nm and emission wavelength
of 450-465 nm at room temperature (23 ± 1°C) using the Synergy HT multi-well plate reader and
Gen5™ data analysis software (Biotek Instruments Inc., Winooski, VT, USA). The assay was
performed in triplicate and was performed using a commercially available and validated assay kit
(DPP (IV) Inhibitor Screening Assay Kit, cat. no. 700210, Cayman Chemical Company, Ann
Arbor, MI, USA).
Inhibition (%) was calculated as [(A - B)/A] x 100, where A was the average fluorescence
of 100% initial activity wells and B was the fluorescence of the wells containing 3methoxypterostilbene. IC50 values were determined by pharmacodynamics modeling using
Phoenix® WinNonlin® software (ver. 6.3, Centara USA, Inc., St. Louis, MO, USA).
3.3.11 Anti-inflammatory activity
3.3.11.1 Cyclooxygenase inhibition
The inhibition of cyclooxygenase-1 and -2 (COX-1 and -2) by 3-methoxypterostilbene
was measured through the use of a commercial three-day assay kit used to identify COX-1
and/or COX-2 inhibitors (COX Inhibitor Screening Assay Kit, cat. no. 560131, Cayman
Chemical Company, Ann Arbor, MI, USA). This is an enzyme immunoassay. The assay relied
on the quantification of prostanoid products using a non-specific antibody for prostaglandins
(PGs). The constant concentration of the PG-AChE-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 assay, 3-methoxypterostilbene was dissolved in DMSO over the
concentration range of 1-250 μg/mL. Ibuprofen and etodolac, nonsteroidal anti-inflammatory
drugs (NSAIDs), were dissolved in DMSO and used as positive controls over the concentration
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range of 1-250 μg/mL. A mouse anti-rabbit IgG coated 96 well plate was used. The
prostaglandin standard was prepared as an 8-fold serial dilution starting with 2000 pg/mL to
create a standard curve. Reagents were prepared according to the manufacturer’s instructions that
accompanied the kit. The plate was read at an absorbance of 415 nm at room temperature (23 ±
1°C) using the Synergy HT multi-well plate reader and Gen5™ data analysis software (Biotek
Instruments Inc., Winooski, VT, USA). The assay was performed in quadruplet.
To determine COX selectivity of 3-methoxypterostilbene, a COX ratio was determined
using the IC50 values for COX-1 and -2 for the compound by pharmacodynamic modeling with
Phoenix® WinNonlin® software (ver. 6.3, Certara USA, Inc., St. Louis, MO, USA). The COX-2
IC50 value for the compound was divided by the COX-1 IC50 value to yield a COX ratio.
3.3.11.2 Lipoxygenase inhibition
The inhibition of lipoxygenase (LOX) by 3-methoxypterostilbene and resveratrol was
measured through the use of a commercial colorimetric assay kit (Lipoxygenase Inhibitor
Screening Assay Kit, cat. no. 7607000, Cayman Chemical Company, Ann Arbor, MI, USA). The
assay measures the hydroperoxides produced in the lipoxygenation reaction using purified 15LOX and linoleic acid as the substrate. The stilbenes were dissolved in 90% assay buffer and
10% DMSO to yield a concentration range of 1 to 250 μg/mL for 3-methoxypterostilbene and 1
to 10 μg/mL for resveratrol. Reagents were prepared according to the manufacturer’s
instructions. The plate was read at an absorbance of 490 nm at room temperature (23 ± 1°C)
using the Synergy HT multi-well plate reader and Gen5™ data analysis software (Biotek
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 methodology (30,37).
3.3.12.1 Cell culture
Canine chondrocytes (CnCs) isolated from normal canine articular cartilage (Cell
Applications, Inc., San Diego, CA, USA) were maintained in Dulbecco’s Modified Eagle’s
Medium/Ham’s Nutrient Mixture F-12 without phenol red supplementation with 20% heatinactivated fetal bovine serum and penicillin-streptomycin (10 mg/L) and incubated at 37°C in a
5% CO2 atmosphere. The cell subculture and cell number procedures were followed as
previously described (30).
3.3.12.2 In vitro osteoarthritis model procedure
CnCs were counted and seeded on 24-well plates at 32,000 cells/well. The seeded cells
were incubated at 37°C in a 5% CO2 atmosphere for 24 h. On the day of the experiment, stock
solutions of 3-methoxypterostilbene and carprofen, the positive control, were made (10% DMSO
and 90% cell culture medium). Stock solutions were diluted with cell culture medium to yield
final concentrations of 0.1, 1.0, 5.0, 10, 50, 100 and 250 μg/mL. All solutions were sterile
filtered through 0.2 μm filters. At the start of the experiment, the cells were serum starved for 2
h. Following aspiration of the serum-free media from the wells, cells were treated with 500 μL of
the pro-inflammatory cytokine, IL-1β (10 ng/mL in serum-free medium) to induce inflammatory
conditions and incubated at 37°C in 5% CO2 atmosphere for 2 h. Cells were treated with 3methoxypterostilbene and carprofen concentrations. Additional 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 at 37°C in 5% CO2 atmosphere for 72 h after which the cell plates
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were removed from the incubator and media was collected and stored at -80°C until further
analysis. Medium collected was analyzed for six key mediators and indicators of extracellular
matrix catabolism released during inflammatory events; prostaglandin E2 (PGE2), tumor necrosis
factor-α (TNF-α), interleukin-6 (IL-6), metalloproteinase-3 (MMP-3), nitric oxide and sulfated
glycosaminoglycans (sGAG).
CnC medium was assessed for PGE2 through the use of an assay kit purchased from
Cayman Chemical Company (cat. no. 514010, Ann Arbor, MI, USA). In the assay, all major
PGE2 metabolites are converted into one stable derivate which is then measured through an
enzyme immunoassay. The plates were read at an absorbance of 412 nm at room temperature (23
± 1°C). The assay was performed in quadruplet.
CnC medium was assessed for TNF-α using a commercial assay kit (cat. no. 589201,
Cayman Chemical Company, Ann Arbor, MI, USA). This is an enzyme immunoassay based on a
double-antibody sandwich technique. Each well of a 96-well plate was coated with a monoclonal
antibody specific for TNF-α which binds to any TNF-α introduced into the well. An
acetylcholinesterase:Fab’ conjugate (AChE:Fab’) is added to the well and binds selectively to a
different epitope of the TNF-α molecule. The two antibodies form a sandwich by binding on
opposite side of the TNF-α molecule. The concentration of TNF-α is determined by measuring
the enzymatic activity of the AChE through the addition of Ellman’s reagent that produces a
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 for IL-6 (cat. no. 583361,
Cayman Chemical Company, Ann Arbor, MI, USA). This is an enzyme immunoassay based on a
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double-antibody sandwich technique. Each well of a 96-well plate was coated with a monoclonal
antibody specific for IL-6 that binds to any IL-6 introduced into the well. An AChE:Fab’
conjugate is added to the well, which selectively binds to a different epitope of the IL-6
molecule. These two antibodies form a sandwich by binding on opposite sides of the IL-6
molecule. The concentration of IL-6 is determined by measuring the enzymatic activity of the
AChE through the addition of Ellman’s reagent that produces a yellow-colored product which is
measured spectrophotometrically at 412 nm at room temperature (23 ± 1°C). The assay was
performed in quadruplet.
CnC medium was assessed for MMP-3 using a commercial assay purchased from
RayBiotech, Inc. (cat. no. ELH-MMP-3-001, Norcross, GA, USA). This was an ELISA assay
that employs a MMP-3 antibody for a 96-well plate. The plates are read at 450 nm at room
temperature (23 ± 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 nitrate and nitrite concentrations through a two-step 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
reductase 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 subtracting the 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 purchased from Kamiya
Biomedical Company (cat. no. BP-004, 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 stable Alcian blue-sGAG 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 3-methoxypterostilbene and resveratrol on the catalytic activities
of cDNA-expressed human P450 enzymes were determined using Vivid® P450 screening kits
according to the manufacturer’s instructions (Life Technologies; Carlsbad, CA, USA); Vivid®
CYP3A4 green (cat. no. P2857), Vivid® CYP2C9 green (cat. no. P2860), Vivid® CYP1A2 blue
(cat. no. P2963) and Vivid® CYP2D6 blue (cat. no. P2972). Briefly, the assays were performed
in 96-well black-wall plates with clear bottoms (BD Falcon, BD Biosciences, Billerica, MA,
USA) in kinetic assay mode. Stock solutions of 10 mM 3-methoxypterostilbene and resveratrol
were prepared in methanol (CYP3A4 and 1A2) or acetonitrile (CYP2D6 and 2C9) and diluted to
yield final in-well concentrations of 0.01, 0.1, 1.0, 10, 50 and 100 μM. To each well, 40 μL of
stilbene or positive inhibitor control was incubated with 50 μL of a mixture containing CYP450
BACULOSOMES® (insect microsomes expressing one human CYP), regeneration system, and
assay buffer or with only 50 μL of reaction buffer as background control at room temperature (23
± 1°C) for 20 min. After incubation, the reaction was initiated by the addition of 10 μL of
fluorescent substrate and NADP+. Immediately 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 compounds were αnaphthoflavone (10 μM, CYP1A2), sulfaphenazole (30 μM, CYP2C9), quinidine (10 μM,
CYP2D6) and ketoconazole (10 μM, CYP3A4). The inhibitors and concentrations were chosen
according to the screening kit protocols to produce inhibition ≥90%. Experiments were
performed in triplicate.
Relative inhibition of 3-methoxypterostilbene 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 inhibition (%) = [1 - (X – B)/(A – B)] x 100, where X is the
fluorescence intensity observed in the presence of the test compound, A is the fluorescence
intensity observed in the absence of inhibitor (solvent control), and B is the fluorescence
intensity observed in the presence of the positive inhibitor control according to the assay kit
instructions. These values were used to calculate relative IC50 values using Phoenix WinNonlin
software (ver. 6.3; Certara, St. Louis, MO, USA).
3.3.14 Data analysis
Compiled data were presented as mean and standard error of the mean (mean ± SEM).
Where possible, the data were analyzed for statistical significance determined through the use of
unpaired student’s t-test with a value of P < 0.05 being considered statistically significant (Sigma
Plot, ver. 11.0, Systat Software, Inc., San Jose, CA, USA).

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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samples (incubated with β-glucuronidase from E. coli type IX-A) verified the presence of a
glucuronidated metabolite based on the increase in 3-methoxypterostilbene (aglycone parent
compound) concentrations after enzymatic hydrolysis in both serum and urine. Glucuronidation
of 3-methoxypterostilbene parallels previous rat and human studies with resveratrol existing
predominately in its conjugated form in both plasma and urine (38).
The serum concentration versus time profile for IV-dosed 3-methoxypterostilbene
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 concentrations
were below detectable concentrations (0.05 μg/mL) (Figure 3.2 a). 3-methoxypterostilbene dosed
PO displayed rapid absorption with an average Tmax of 30 mins (Figure 3.2 b). The
glucuronidated metabolite in both routes of administration appeared to display multiple peaking
which is suggestive of enterohepatic recycling as indicated by an increase in serum concentration
around 4 h after dose for both routes of administration. Enterohepatic recycling has previously
been reported for resveratrol (27,39).
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Figure 3.2 3-Methoxypterostilbene disposition in serum following: a) intravenous administration
(10 mg/kg, n = 4, mean ± SEM); b) oral administration (100 mg/kg, n = 4, mean ± SEM).

Table 3.1 summarized the pharmacokinetic parameters exhibited by 3methoxypterostilbene at an IV dose of 10 mg/kg and a PO dose of 100 mg/kg. Noncompartmental analysis using WinNonlin software (ver. 1.0) was used to model both serum and
urine data. The total serum clearance of 3-methoxypterostilbene 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
unchanged (fe) was 1.64 ± 0.950% for IV and 1.24 ± 0.160% for PO, indicating that 3methoxypterostilbene is mainly excreted via non-renal routes. Renal clearance (CLrenal) 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 (CLhepatic = CLtotal – Clrenal) 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 non-renal clearance is hepatic clearance. The volume of
distribution of 3-methoxypterostilbene is 5.11 ± 0.380 L/kg IV, which is greater than total body
water of the rat, suggesting that 3-methoxypterostilbene 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
time, was 48.1 ± 23.8 μg·h/mL for IV and 229 ± 44.6 μg·h/mL for PO. The serum concentration
of 3-methoxypterostilbene declined very slowly with a mean elimination half-life (t1/2) of 18.9 ±
10.9 h for IV and 73.3 ± 8.91 h for PO. The oral bioavailability for 3-methoxypterostilbene was
determined to be 50.6 ± 10.0%.
Table 3.1 Pharmacokinetic parameters of 3-methoxypterostilbene in the rat (n = 4/route of
administration).
Pharmacokinetic parameter
AUCinf (µg·h/mL)
Vdβ (L/kg)
CLhepatic (L/h/kg)
CLrenal (L/h/kg)
CLtotal (L/h/kg)
Fe (%)
t1/2 (h) serum
t1/2 (h) urine
MRT (h)
Bioavailability (F%)

Intravenous Mean ± SEM
48.1 ± 23.8
5.11 ± 0.380
47.1 ± 23.3
0.760 ± 0.460
47.8 ± 23.7
1.64 ± 0.950
18.9 ± 10.9
9.54 ± 1.51
26.0 ± 15.0
100

Oral Mean ± SEM
229 ± 44.6
0.480 ± 0.0800
0.0100 ± 0.000
0.480 ± 0.0800
1.24 ± 0.160
73.3 ± 8.91
20.6 ± 3.01
105 ± 13.1
50.6 ± 10.0

Reported bioavailability of resveratrol in rats ranges from 20 to 38.8% (27,33) and <1%
in humans (40) with a wide variability in pharmacokinetic parameters among individuals (41).
Species-dependent rapid conjugation with higher glucuronidation rates and affinity in humans
may limit stilbene bioavailability and show expressed differences in pharmacokinetics 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. 3Methoxypterostilbene oral bioavailability in rats has been determined to be 50.6 ± 10.0%. The
melting point range of 3-methoxypterostilbene was experimentally determined to be 88.591.2°C. The reported melting point range of resveratrol is 253-255°C (42). Therefore, 3104

methoxypterostilbene has a lower crystallinity than resveratrol. The low crystallinity of 3methoxypterostilbene is responsible for its increased dissolution over resveratrol. Furthermore,
the aqueous solubility of resveratrol is ~30 mg/mL (43) and the predicted aqueous solubility,
using AlogPs (9,44), of 3-methoxypterostilbene is 8-88 mg/L. The increased bioavailability of 3methoxypterostilbene in rats compared to resveratrol is likely due to its lower 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 3-methoxypterostilbene over resveratrol in rats may extend to greater
bioavailability of 3-methoxypterostilbene than that of resveratrol in humans.
Analysis of urine samples for both routes of administration displayed the presence of the
parent compound, 3-methoxypterostilbene, and the glucuronidated metabolite previously
identified in the serum. The total cumulative urinary excretion plots (Figure 3.3 a and b)
indicated that 3-methoxypterostilbene is 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 of administration while 3-methoxypterostilbene (aglycone) appeared to be
predominately excreted by 12 h after IV administration but steadily increased in excretion even
at 72 h post-dose for PO administration. The urinary t1/2 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 plots (Figure 3.3 c and d) indicated that 3-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 after PO administration.
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The total dose of 3-methoxypterostilbene 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 3-methoxypterostilbene IV and ~20 mg PO. The plots of cumulative amount excreted in
urine for both the aglycone and glucuronide metabolite forms excreted (~98 μg and 80 μg,
respectively for IV and 341 μg and 182 μg, respectively for PO) are very small compared to the
overall dose administered (~2 mg and 20 mg for IV and PO, respectively). This further suggests
that 3-methoxypterostilbene is eliminated predominately by non-renal routes. As previously
mentioned, fe was 1.64 ± 0.950% for IV and 1.24 ± 0.160% for Po, and therefore CLrenal was
0.760 ± 0.460 L/h/kg for IV and 0.0100 ± 0.00100 L/h/kg for PO. Excretion via non-renal routes
for 3-methoxypterostilbene agrees with the literature reports of non-renal excretion of other
stilbenes, including resveratrol (27,30).
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Figure 3.3 Urinary Excretion plots of 3-methoxypterostilbene: a) total cumulative 3methoxypterostilbene and glucuronide metabolite (μg) excreted in urine over 72 h after
intravenous administration (10 mg/kg, n = 4); b) cumulative 3-methoxypterostilbene and
glucuronide metabolite (μg) excreted in urine over 72 h after oral administration (100 mg/kg, n =
4); c) rate of excretion (μg/h) of 3-methoxypterostilbene and glucuronide metabolite in urine
over 72 h after intravenous administration (10 mg/kg, n = 4); d) rate of excretion (μg/h) of 3methoxypterostilbene and glucuronide metabolite in urine over 72 h after oral administration
(100 mg/kg, n = 4). Data presented as mean ± SEM.

3.4.2 Content analysis of dried traditional Chinese medicinal plants
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Evaluation of the S. salsula extract and dried R. palmatum indicated that only the S. salsula
extract contained detectable concentrations of 3-methoxypterostilbene. The aglycone
concentration for the S. salsula extract was determined to be 0.842 μg/g and the total
concentration of 3-methoxypterostilbene (aglycone and glycoside) was determined to be 0.853
μg/g indicating that 3-methoxypterostilbene exists primarily in its aglycone form in S. salsula
extract. Despite the report that 3-methoxypterostilbene exists as an aglycone of a stilbene
glycoside in R. palmatum (2), the compound was not detected as an aglycone or glycoside in the
commercially available dried Chinese rhubarb. It is suspected that 3-methoxypterostilbene 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 3-methoxypterostilbene
Figure 3.4 reports the anti-oxidant capacity of 3-methoxypterostilbene in units of Trolox®
equivalents (μg/mL). The baseline (DMSO only) samples have a low anti-oxidant capacity (81.2
± 7.47 μg/mL or 0.325 ± 0.0299 mM). 3-methoxypterostilbene demonstrates a modest
concentration-dependent anti-oxidant activity with an anti-oxidant capacity at 1 μg/mL of 98.6 ±
13.7 μg/mL Trolox® equivalents (0.394 ± 0.0546 mM) and a capacity at 100 μg/mL of 174 ±
2.70 μg/mL Trolox® equivalents (0.695 ± 0.00940 mM). This indicates that 3methoxypterostilbene prevents oxidation at comparable levels to Trolox®, if not better (as seen at
lower concentrations). 3-Methoxypterostilbene demonstrated significantly greater activity
compared to the baseline samples from 10 to 100 μg/mL (P < 0.05) and the only significant
differences between resveratrol and 3-methoxypterostilbene were present at the two highest
concentrations tested, 50 and 100 μg/mL (P < 0.05).
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Figure 3.4 Anti-oxidant capacity (n = 4, mean ± SEM) of 3-methoxypterostilbene and
resveratrol at 1, 10, 50 and 100 μg/mL dissolved in DMSO. *Significantly greater than baseline
(DMSO) sample (P < 0.05). ‡Significantly different from resveratrol at the same concentration
(P < 0.05).

The ability of 3-methoxypterostilbene to function as an anti-oxidant is of importance as
the wide range of health benefits of polyphenols are thought to result at least in part from their
anti-oxidant capacity. For example, the ability of resveratrol to limit the start and progression of
atherosclerosis is associated with the compound’s ability to inhibit lipid oxidation of
polyunsaturated fatty acids (45). It is likely that the health benefits of 3-methoxypterostilbene
will also be associated with its anti-oxidant capacity. In the literature, it is well known that the
number and position of the hydroxyl groups on stilbenes are critical for bioactivity and antioxidant capacity (46–49). A computer model of anti-oxidant activity of hydroxystilbenes
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suggests that 3-methoxypterostilbene is one of the most potent 3,4 hydroxystilbenes modeled and
has greater potency than resveratrol (50).
3.4.4 Anti-diabetic activity
3.4.4.1 α-Glucosidase inhibition
Figure 3.5 reports the α-glucosidase inhibition of 3-methoxypterostilbene and resveratrol.
Resveratrol shows a clear positive concentration-dependent inhibition relationship whereas 3methoxypterostilbene does not appear to exhibit greater inhibition at higher concentrations. αGlucosidase inhibitory activity between resveratrol and 3-methoxypterostilbene is only
statistically different (P < 0.05) at the two highest concentrations tested (100 and 200 μg/mL).
Figure 3.5 α-Glucosidase inhibition by 3-methoxypterostilbene and resveratrol (n = 6, mean ±
SEM). *Significantly different from resveratrol at the same concentration (P < 0.05).

α-Glucosidase is an enzyme found in the small intestine which hydrolyzed 1,4-α-bonds of
disaccharides into glucose. Inhibition of α-glucosidase suppresses post-prandial hyperglycemia
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by lowering the rate of glucose absorption via delayed carbohydrate digestion and extended
digestion time. α-Glucosidase inhibitors are useful in maintaining glycemic control of prediabetic and type 2 diabetic patients. The lower concentrations of 3-methoxypterostilbene tested
may be biologically achievable resulting in moderate inhibition of α-glucosidase comparable to
that of resveratrol, and reduction of postprandial hyperglycemia may be seen.
3.4.4.2 α-Amylase inhibition
α-Amylase inhibitory activities by 3-methoxypterostilbene and resveratrol are shown in
Figure 3.6. Both resveratrol and 3-methoxypterostilbene display relatively weak inhibition of αamylase and both stilbenes show a slightly negative concentration inhibition relationship. At the
highest concentrations tested, 3-methoxypterostilbene appears to increase activity. At lower
concentrations (1 - 50 μg/mL), including those which are biologically relevant, there is no
significant difference between inhibitory activities of 3-methoxypterostilbene and resveratrol.
In humans, α-amylase is an enzyme predominately found in the pancreas and saliva. Like
α-glucosidase, α-amylase hydrolyzes α-1,4-glycosidic bonds but acts on polysaccharides.
Inhibition of α-glucosidase inhibitors may be used to treat type 2 diabetes. The modest inhibitory
activity of 3-methoxypterostilbene at biologically relevant concentrations suggests that it may be
as effective as resveratrol at aiding in the reduction of post-prandial hyperglycemia through αamylase inhibition.
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Figure 3.6 α-Amylase inhibition by 3-methoxypterostilbene and resveratrol (n = 6, mean ±
SEM). *Significantly different from resveratrol at the same concentration (P < 0.05).

3.4.4.3 Dipeptidyl peptidase IV inhibition
The DPP (IV) inhibitory activities of 3-methoxypterostilbene are shown in Figure 3.7. A
positive concentration-inhibition response can be seen. However, it appears that 3methoxypterostilbene is a very weak DPP (IV) inhibitor or potentially a non-inhibitor of DPP
(IV) as only the highest concentration assayed (100 μg/mL) displayed inhibition statistically
different from baseline (P < 0.05). The IC50 of 3-methoxypterostilbene in this assay was found to
be 69.7 ± 8.68 μg/mL.
DPP (IV) is a multifunctional membrane-bound glycoprotein present on most cell surfaces
and in humans, it is ubiquitously expressed in nearly all organs and tissues with greatest
expression in the kidneys, small intestine and placenta (51). DPP (IV) is the enzyme responsible
for degrading two hormones, glucose-dependent insulinotropic polypeptide (GIP) and glucagonlike peptide-1 (GLP-1), which are important glucoregulators. GLP-1 prolongs the action of
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insulin and represses the release of glucagon. Thus, inhibition of DPP (IV) may reduce glucagon
concentrations, delay gastric emptying and promote insulin release and therefore inhibitors of
DPP (IV) represent a new class of oral anti-diabetic agents for the management of type 2
diabetes (52). Resveratrol has been reported to possess an IC50 of 0.6 ± 0.4 nM for inhibition of
DPP (IV) using a similar commercial assay kit (53). As previously mentioned, the IC50 value
determined for 3-methoxypterostilbene for the commercial assay kit employed in this study was
be 69.7 ± 8.68 μg/mL (243 ± 30.3 μM). 3-Methoxypterostilbene may lack the potency of
resveratrol to act as a DPP (IV) inhibitor and likely does not deliver anti-diabetic activities
through this manner.
Figure 3.7 Dipeptidyl peptidase (IV) inhibition by 3-methoxypterostilbene (n = 3, mean ± SEM).
*Significantly different from baseline (P < 0.05).

3.4.5 Anti-inflammatory activity
3.4.5.1 Cyclooxygenase inhibition
Figure 3.8 reports the COX inhibitory activities of 3-methoxypterostilbene and two
NSAIDs: etodolac and ibuprofen. Figure 3.8a demonstrates the positive concentration-dependent
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inhibitory activity of 3-methoxypterostilbene against COX-1. While 3-methoxypterostilbene did
not demonstrate significantly greater (P < 0.05) COX-1 inhibitory activity than the two NSAIDs
at lower concentrations, the high concentration (250 μg/mL) of 3-methoxypterostilbene
demonstrated significantly greater activity (P < 0.05) than the NSAIDs at low concentrations.
Figure 3.8b details the COX-2 inhibitory activity of 3-methoxypterostilbene. At the
concentration of 10 μg/mL, 3-methoxypterostilbene demonstrated significantly greater inhibition
(P < 0.05) than etodolac at 1 μg/mL and ibuprofen at 250 μg/mL. 3-Methoxypterostilbene
appears to have a greater activity against COX-1 than COX-2. The COX ratio for 3methoxypterostilbene was determined to be 1809. A ratio of 1 indicates the compound is a nonselective COX inhibitor. A ratio less than 1 indicates preferential COX-2 inhibition and a ratio
greater than 1 indicates preferential COX-1 inhibition. 3-Methoxypterostilbene appears to be a
clear preferential COX-1 inhibitor. Resveratrol has been described in the literature as a
preferential COX-2 inhibitor as well as a non-selective inhibitor (28,54). While 3methoxypterostilbene was not examined, various methoxylated and hydroxylated analogues of
resveratrol have been examined for their abilities to preferentially inhibit COX-1 or -2 using the
same commercial assay kit employed in our study and results revealed that while hydroxylated
analogues proved to be particularly potent as selective COX-2 inhibitors, methoxylated
analogues displayed poor inhibition of COX-2 and no COX-2 selectivity (54). As 3methoxypterostilbene contains three methoxy groups and only one hydroxyl group, it is expected
that poor COX-2 inhibition would be observed.
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Figure 3.8 Cyclooxygenase inhibitory activities of 3-methoxypterostilbene: a) COX-1 inhibition
by 3-methoxypterostilbene at 1, 10 and 250 μg/mL; b) COX-2 inhibition by 3methoxypterostilbene at 1, 10 and 250 μg/mL. *Significantly greater activity than 1 μg/mL
ibuprofen (P < 0.05). **Significantly greater than 250 μg/mL ibuprofen (P < 0.05).
†

Significantly greater activity than 1 μg/mL etodolac (P < 0.05). ‡Significantly greater activity

than 250 μg/mL etodolac (P < 0.05) (n = 4, mean ± SEM).

3.4.5.2 Lipoxygenase inhibition
LOX inhibitory activities by 3-methoxypterostilbene and resveratrol are shown in Figure
3.9. Initial LOX activity was determined to be 4.06 ± 0.178 nM/min.mL. All concentrations of 3methoxypterostilbene failed to significantly affect LOX activity. However, at the two
concentrations assayed, resveratrol showed decreasing activity at increasing concentrations
resulting in significant differences (P < 0.05) from initial activity at 1 and 10 μg/mL.
Furthermore, significant differences (P < 0.05) were found between the LOX activity allowed by
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3-methoxypterostilbene and resveratrol at 1 and 10 μg/mL. The results suggest that 3methoxypterostilbene is not a lipoxygenase inhibitor. In the literature, resveratrol has been
shown to possess strong lipoxygenase inhibitory activities as have other structural analogues
such as rhapontigenin while others are weaker (55,56). No studies undertaking structure-activity
relationship of resveratrol analogues and LOX inhibition have been undertaken in the literature
at this time.
Figure 3.9 Lipoxygenase inhibitory activity by 3-methoxypterostilbene and resveratrol (n = 3,
mean ± SEM). *Significantly different from initial activity (P < 0.05). ‡Significantly different
from resveratrol at the same concentration.

3.4.6 In vitro osteoarthritis model
Osteoarthritis is a complex degenerative joint disease affecting synovial joints in
mammals and results from an imbalance between the reparative and destructive cycles in normal
cartilage maintenance. The ability of 3-methoxypterostilbene to mediate the pathogenesis of
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osteoarthritis via inflammation (PGE2, TNF-α and IL-6), chondral degeneration (MMP-3 and
sGAG) and oxidative stress (nitric oxide) using an in vitro CnC model has been evaluated.
Carprofen was chosen for comparison of pharmacological activities of 3-methoxypterostilbene in
this model as it is a commonly prescribed veterinary NSAID used clinically for inflammation
related to osteoarthritis and post-operative pain. The results of the determination of PGE2, TNFα, IL-6, MMP-3, nitric oxide and sGAG are presented in Figure 3.10.
In Figure 3.10 a, PGE2 production from CnCs is reported. The baseline control (media
only) released a low amount of PGE2 (0.441 ± 0.023 ng/mL). After treatment with IL-1β, PGE2
concentrations rose to a significantly different concentration from baseline (P < 0.05) to 0.689 ±
0.017 ng/mL (positive control). Treatment of the CnCs with 3-methoxypterostilbene attenuated
PGE2 concentrations in a concentration-dependent manner. All concentrations of the stilbene
yielded PGE2 concentrations significantly different form the positive control (P < 0.05) as did all
concentrations of carprofen. Reduction in PGE2 between the 3-methoxypterostilbene and
carprofen was only statistically different (P < 0.05) at the lowest concentrations (0.1 – 5.0
μg/mL).
TNF-α production from CnCs is reported in Figure 3.10 b. Baseline control
concentrations of TNF-α were found to be 0.362 ± 0.140 pg/mL. After inflammatory insult
through the addition of IL-1β, TNF-α concentrations were elevated to 0.954 ± 0.147 pg/mL
(positive control), which was significantly different from baseline. 3-Methoxypterostilbene
showed a clear concentration-dependent attenuation of PGE2. However, only at 10 μg/mL were
concentrations significantly attenuated (P < 0.05) from the positive control. Carprofen attenuated
PGE2 at most concentrations assayed resulting in significantly different (P < 0.05) concentrations
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from the positive control. However, 3-methoxypterostilbene and carprofen were only found to be
significantly different (P < 0.05) in their abilities to attenuate PGE2 concentrations at 0.1 μg/mL.
Following the introduction of IL-1β to the cells, IL-6 concentrations increased from 1.480
± 0.206 pg/mL (baseline) to 2.780 ± 0.299 pg/mL (positive control) and a significant difference
in the concentrations was found (P < 0.05). Figure 3.10c shows a clear concentration-dependent
attenuation in IL-6 with increasing concentrations of 3-methoxypterostilbene. Significant
differences (P < 0.05) in IL-6 concentrations from the positive control occurred at 50 and 100
μg/mL of 3-methoxypterostilbene. Concentrations of IL-6 following administration of carprofen
only significantly (P < 0.05) differed from the positive control at 10 μg/mL. IL-6 concentrations
were found to be significantly different (P < 0.05) between cells administered carprofen and 3methoxypterostilbene at 10-100 μg/mL.
In Figure 3.10d, MMP-3 production in cell media is reported. The baseline control
released 0.717 ± 0.008 ng/mL MMP-3 and after cells were treated with IL-1β, MMP-3
concentrations increased to 0.743 ± 0.006 ng/mL (positive control). This resulted in a significant
difference (P < 0.05) between the two concentrations. From 0.1 to 50 μg/mL, 3methoxypterostilbene attenuated MMP-3 concentrations in a dose-dependent manner with
significant differences (P < 0.05) from the positive control at 5 and 50 μg/mL. Treatment with
carprofen yielded significant differences (P < 0.05) from the positive control at 1 and 5 μg/mL.
3-Methoxypterostilbene and resveratrol were found to yield significantly different (P < 0.05)
concentrations of MMP-3 at 5 and 50 μg/mL with treatment of cells with 3-methoxypterostilbene
producing lower concentrations of MMP-3.
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Figure 3.10 Pharmacological endpoints after treatment with 3-methoxypterostilbene and
carprofen (n = 4, mean ± SEM): a) PGE2; b) TNF-α; c) IL-6; d) MMP-3; e) Nitrite; f) Nitrate;
and g) sGAG. *Significantly different concentrations of inflammatory biomarker from positive
control (IL-1β) cells (P < 0.05). †Significantly different concentration of inflammatory biomarker
from carprofen-treated cells at the same concentration (P < 0.05).
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Nitric oxide concentrations were measured through nitrite and nitrate production in cell
media as reported in Figure 3.10e, f. The baseline control produced an average nitrite
concentration of 8.41 ± 0.000 μM and an average nitrate concentration of 5.49 ± 2.91 μM. When
treated with 1L-1β (positive control), nitrite concentrations increased to 8.82 ± 0.096 μM and
nitrate concentrations increased to 6.71 ± 3.48 μM. However, only nitrite baseline and positive
control concentrations were found to be significantly different from each other (P < 0.05). Both
3-methoxypterostilbene and carprofen appeared to have a greater effect on nitrite than nitrate
concentrations. Neither compound at all assayed concentrations resulted in a significant change
in nitrate concentrations from the positive control (P > 0.05). Only at 5.0 μg/mL was a
significant difference (P < 0.05) between 3-methoxypterostilbene and carprofen attenuation of
nitrate found. At 1.0, 5.0, 50 and 100 μg/mL 3-methoxypterostilbene resulted in reduced
concentrations of nitrite that were found to be significantly different (P < 0.05) from the positive
control as well as the nitrite concentrations produced by carprofen at the same concentrations.
Carprofen attenuated nitrite concentrations at 5.0, 100 and 250 μg/mL resulting in significant (P
< 0.05) nitrite concentration changes from the positive control.
In Figure 3.10g, sGAG production in cell media is reported. The baseline control released
7.77 ± 1.69 μg/mL. Following treatment of cells with IL-1β (positive control), sGAG
concentrations increased to 9.68 ± 1.12 μg/mL. However, the difference in sGAG concentration
between the baseline control and positive control were not found to be significant (P > 0.05). 3Methoxypterostilbene was able to lower sGAG concentrations at 0.1, 5, 10, 50, 100 and 250
μg/mL yielding concentrations significantly different from positive control (P < 0.05).
Carprofen also lowered sGAG concentrations at 1, 5, 10, and 250 μg/mL yielding concentrations
significantly different form positive control (P < 0.05). sGAG attenuation between the two
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compounds was only found to be statistically different at 10 and 50 μg/mL with 3methoxypterostilbene treatment yielding lower concentrations of sGAG than treatment with
carprofen.
3-Methoxypterostilbene was able to attenuate all osteoarthritis mediators measured at one
or more concentrations assayed with the exception of nitrate. Additionally, significant
differences between attenuation of osteoarthritis mediators by 3-methoxypterostilbene and
carprofen were generally minimal at biologically relevant concentrations. 3Methoxypterostilbene appeared to be particularly potent at mediation of PGE2, nitrite and sGAG
at biologically relevant concentrations. A structural analogue, pterostilbene, has previously been
evaluated in this model for modulation of the following osteoarthritis mediators: PGE2, TNF-α,
MMP-3, nitric oxide and sGAG (30). Results revealed that pterostilbene successfully attenuated
all of the mediators, except nitrite, at lower concentrations but showed particularly strong
reduction in PGE2 and MMP-3 (30). A through structure-activity relationship of stilbenes in
osteoarthritis models has yet to be evaluated. Although resveratrol has not been examined in the
osteoarthritis model used in this experiment, it has been shown to inhibit expression of MMPs
(57) and production of nitric oxide, PGE2 and TNF-α (58,59) in other human and animal
chondrocyte and explant models.
Pharmacological endpoints selected to evaluate the effectiveness of 3methoxypterostilbene against IL-1β-induced inflammation were chosen as all are elevated in
chondrocytes by IL-1β and are present at increased concentrations in synovial fluid of
osteoarthritic joints (37,60). In vitro activity of 3-methoxypterostilbene suggests that it may
have some activity in the pathogenesis of osteoarthritis via inflammation, chondral degeneration
and oxidative stress. The concentration range examined (0.1 – 250 μg/mL) was chosen to
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provide a wide concentration-response range of both biologically relevant and superphysiological concentrations. The relationship between inflammatory cytokines, oxidative stress
and chondral degeneration in the pathogenesis of osteoarthritis is dynamic and interrelated,
which may explain why not all of the concentration-response relationships were clear cut.
3.4.7 Cytochrome P450 inhibition
The inhibitory potency of 3-methoxypterostilbene comparted to resveratrol against human
cytochrome P450 enzymes was assessed to identify the potential inhibitory metabolism of coadministered stilbenes with drugs which could be a cause of pharmacokinetic drug-botanical
interactions. Studies have previously shown inhibitory activity of resveratrol against CYP3A4,
CYP2D6, and CYP1A2 (28,61). The underlying mechanism behind most drug-botanical
interactions is inhibition of CYP enzymes. Figure 3.11a show the inhibitory activities of 3methoxypterostilbene and resveratrol against CYP2D6. From 0.01 – 1.0 μM, 3methoxypterostilbene shows a small amount of inhibition against CYP2D6 but between 10 – 100
μM, 3-methoxypterostilbene appeared to be inducing CYP2D6 activity although the assay used
was only for detection of inhibition. Resveratrol appears to moderately inhibit CYP2D6 across
the concentration range assayed. IC50 values were not calculable for 3-methoxypterostilbene or
resveratrol for CYP2D6 inhibition. Very similar results to CYP2D6 inhibition for CYP1A2
inhibition by 3-methoxypterostilbene and resveratrol were observed (Figure 3.11b) and
consequently, no IC50 values for CYP1A2 for either stilbene could be calculated. Results for
CYP2C9 and 3A4 inhibition yielded clearer concentration-response relationships for 3methoxypterostilbene and resveratrol without any apparent induction of enzyme activity (Figure
3.11c, d). Both 3-methoxypterostilbene and resveratrol appear to be moderate inhibitors of
CYP2C9 with IC50 values determined to be 12.08 ± 0.84 μM (3.46 ± 0.24 μg/mL) and 9.16 ±
122

0.58 μM (2.09 ± 0.13 μg/mL) , respectively. The IC50 values for 3-methoxypterostilbene and
resveratrol for CYP3A4 inhibition were found to be 25.13 ± 696.75 μM (7.19 ± 199.5 μg/mL)
and 0.021± 0.020 μM (4.79 ± 4.56 ng/mL), respectively. 3-Methoxypterostilbene appears to be a
moderate inhibitor of CYP3A4 while resveratrol appears to be a very potent inhibitor. 3Methoxypterostilbene may be less likely to cause drug-botanical interactions than resveratrol via
inhibition of P450 enzymes. A comprehensive structure-activity relationship study of stilbenes
and inhibitory activities of P450 drug metabolizing enzymes has yet to be published in the
literature.
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Figure 3.11 Inhibitory effects of 3-methoxypterostilbene and resveratrol against P450 enzymes:
a) Vivid® CYP2D6 blue assay; b) Vivid® CYP1A2 blue assay; c) Vivid® CYP2C9 green assay
and; d) Vivid® CYP3A4 green assay. Data presented as mean ± SEM (n = 3). * Indicates
significant difference from positive control (P < 0.05). †Indicates significant difference from
solvent control (P < 0.05). ‡Indicates significant difference between 3-methoxypterostilbene and
resveratrol at the same concentration (P < 0.05).
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3.5 CONCLUSIONS
In summary, the pharmacokinetics in rats and the in vitro metabolism of 3methoxypterostilbene were evaluated for the first time. 3-Methoxypterostilbene demonstrated
improved bioavailability compared to values reported for resveratrol in rats. 3Methoxypterostilbene demonstrated anti-oxidant activity comparable to resveratrol at
biologically relevant concentrations. 3-Methoxypterostilbene demonstrated anti-diabetic activity
via inhibition of α-glucosidase and α-amylase comparable to resveratrol. However, 3methoxypterostilbene was not able to inhibit DPP (IV) at physiologically attainable
concentrations and likely does not provide anti-diabetic activity though this manner. 3Methoxypterostilbene appears to be a selective COX-1 inhibitor and likely does not provide antiinflammatory activity through inhibition of LOX. In an in vitro model of osteoarthritis, 3methoxypterostilbene demonstrated attenuation of inflammatory mediators generally comparable
to carprofen with particularly strong ability to reduce PGE2, nitrite and sGAG concentrations
following inflammatory insult. 3-Methoxypterostilbene may be potentially able to help treat the
clinical signs of osteoarthritis if results are extendable to veterinary and human patients. 3Methoxypterostilbene may cause few drug-botanical interactions as suggested by poor to
moderate inhibition of cytochrome P450 enzymes. Future efforts to further assess the therapeutic
potential of 3-methoxypterostilbene in other in vivo and in vitro models of disease in humans and
animals are warranted.
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4.

ANALYTICAL METHOD DEVELOPMENT TO RESOLVE ENANTIOMERS OF
ISOXANTHOHUMOL, 8-PRENYLNARINGENIN AND 6-PRENYLNARINGENIN:
APPLICATION TO CONTENT ANAYLSIS OF HUMULUS LUPULUS L.CONTAINING NATURAL HEALTH PRODUCTS AND DIETARY SUPPLEMENTS

4.1 ABSTRACT
Isoxanthohumol (IX), 8-prenylnaringenin (8PN) and 6-prenylnaringenin (6PN) are chiral
prenylflavonoids found in hops (Humulus lupulus L.) and present in hops and hop-containing
products such as beer, natural health products and dietary supplements. Separate novel
enantiospecific methods of quantitation for IX, 8PN and 6PN by liquid-chromatography
electrospray ionization mass spectrometry (LC-ESI-MS) have been developed. Baseline
enantiomeric resolution for all three compounds was achieved using isocratic mobile phases and
either a Chiralpak® AD-RH column (8- and 6PN) or Chiracel® OD-RH column (IX). The same
internal standard, carbamazepine, was used in all three methods. Quantitative MS data were
obtained by selected ion monitoring (SIM). The developed methods were found to be accurate,
precise and reproducible for enantiospecific quantification of the prenylflavonoids. The methods
were successfully applied to the content analyses for 39 commercially available natural health
products and dietary supplements reported to contain H. lupulus plant material, extracts and label
claims of IX, 8PN and 6PN. Results of the content analysis indicated a lack of uniformity in
botanical products.
** Versions of this thesis chapter have been published or accepted for publication:
Martinez SE, Lakowski TM, Davies NM. Enantiospecific analysis of 8-prenylnaringenin in
biological fluids by liquid-chromatography-electrospray ionization mass spectrometry:
application to preclinical pharmacokinetic investigations. Chirality 2014; 26: 419-26.
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Martinez SE, Davies NM. Stereospecific quantitation of 6-prenylnaringenin in commercially
available H. lupulus- containing natural health products and dietary supplements. Research in
Pharmaceutical Sciences 2015; 10(3):182-91.
Martinez SE, Davies NM. Enantiospecific pharmacokinetics of isoxanthohumol and its
metabolite 8-prenylnaringenin in the rat. Molecular Nutrition and Food Research. 2015;
59(9):1674-89.
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4.2 INTRODUCTION
Isoxanthohumol (IX), 8-prenylnaringenin (8PN) and 6-prenylnaringenin (6PN) (Figure
4.1) are naturally occurring prenylflavonoids with a single chiral carbon center. These
compounds are most commonly found in the female flowers (cones) of hops (Humulus lupulus
L.) (1). Little attention to the investigation of the enantiospecific bioactive properties of 8PN has
been given in the literature and no information exists on the enantiospecific bioactive properties
of IX and 6PN despite the potential for individual enantiomers to exhibit different biological
activities and the US Food and Drug Administration recommendation for assessment of each
enantiomer’s biological activities for new chiral drugs (2,3). The potential therapeutic utility of
flavonoids has been under investigation for over 70 years but their chirality has been
unacceptably understudied in the pharmaceutical, food and nutritional sciences (4). It is thought
that a large hindrance to the lack of study of flavonoid enantiomers and their bioactivities and
dispositions may be the paucity of sensitive, accurate and reproducible stereospecific methods of
analysis as achiral methods cannot differentiate between enantiomers (4).

Figure 4.1 Chemical structures of isoxanthohumol, 8-prenylnaringenin and 6-prenylnaringenin.
*Denotes chiral carbon center.
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One study investigating the enantiospecific estrogenic activities of 8PN found that both
8PN enantiomers displayed high affinity and selectivity for human estrogen receptor-α and –β
but S-8PN exhibited an overall higher affinity for both receptors than R-8PN (5). Additional
enantiomeric differences in bioactivity may exist in 8PN as well as IX and 6PN but remain
scientifically unexplored.
The use of botanical natural health products and dietary supplements has increased in
North America and globally. In the US, sales of botanical preparations increased 86% from 1995
to 2006 with 2012 sales reaching 5.5 billion USD (6) while in Canada, as of 2010, 3 in 4
Canadians use natural health products with 33% reporting daily use (7). Globally, there are over
1,000 companies producing 29,000 different preparations of botanical products which equates to
a $60 billion USD industry (8,9). Natural health products and dietary supplements containing H.
lupulus plant materials, extracts or purified hops prenylflavonoids may represent a significant
dietary source of IX, 8PN and 6PN. Products containing H. lupulus plant materials and extracts
are marketed for a variety of uses including; menopause support and hormone replacement
therapy, anti-anxiety and relaxation aids, breast enhancement, pain relief and sleep aids (10–13).
Unlike conventional pharmaceuticals, which must undergo regulated evaluations for safety and
efficacy and are subject to strict chemical standardizations in both the United State and Canada
by the US Food and Drug Administration and Health Canada, respectively, natural health
products and dietary supplements are not required to pass through an equally scrupulous
development, standardization or approval pathway in either country (6,14). The development of
simple and reproducible analytical techniques for analysis of bioactive constituents in botanical
products may facilitate the monitoring of botanical product claims and standardizations (15).
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While there is an abundance of validated methods of analysis in the literature for IX, 8PN
and 6PN, including methods allowing for concurrent analysis of all three compounds, as
reviewed by Nikolić and van Breeman (16), they are not enantiospecific. To comprehensively
evaluate a chiral compound, enantiospecific methods of analysis should be developed and
employed in all aspects of research of chiral compounds. At the time this research was initiated,
there were no validated analytical methods to enantiospecifically quantify IX, 8PN or 6PN in the
literature. There were three reports of stereospecific separation of 8PN in the literature, two
reports for IX and one for 6PN; however, none of the methods were validated or utilized for
quantitative purposes. Two papers reported separation of 8PN and one paper reported separation
for IX and 6PN for obtaining pure enantiomers to use in bioactivity studies using HPLC but
neither paper provided representative chromatograms showing separation (17,18). Another
method separated the enantiomers of 8PN and IX using hydroxypropyl-γ-cyclodextrin-modified
micellar electrokinetic chromatography (19,20). The present study describes three novel,
isocratic, LC-ESI-MS methods for the stereospecific analyses and quantitation of IX, 8PN and
6PN and their applications to content analyses of the compounds in commercially available H.
lupulus- containing natural health products and dietary supplements.

4.3 ISOXANTHOHUMOL ASSAY VALIDATION
4.3.1 METHODS
4.3.1.1 Chemicals and reagents
Racemic IX (98%+) was purchased from Orgentis Chemicals GmbH (Gatersleben,
Germany). Carbamazepine was purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLCgrade methanol and acetonitrile were purchased from EMD Millipore (Gibbstown, NJ, USA).
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Ammonium formate was purchased from Acros Organics (Geel, Belgium). Milli-Q water,
reagent-grade, from a Milli-Q water system was used (Millipore, Billerica, MA, USA).
4.3.1.2 Analytical system and conditions
The LC-ESI-MS system used was a Shimadzu LCMS-2010 EV mass spectrometer system
connected to the LC portion consisting of two LC-10AD pumps, a SIL-10AD VP auto-injector, a
SPD-10A VP UV detector and a SCL-10 VP system controller (Kyoto, Japan). Data analysis was
accomplished using Shimadzu LCMS Solutions ver. 3 software. The MS condition consisted of a
curved desolvation line temperature of 230°C and a block temperature of 200°C. The curved
desolvation line, interface and detector voltages were -20.0 V, 4.5 kV and 1.2 kV, respectively.
Vacuum was maintained by an Edwards E2M30 rotary vacuum pump (Edwards, UK). Nitrogen
was used as a source of nebulizer gas (1.5 L/min) from a Parker Balston NitroFlow 60 NA
nitrogen generator (Parker Hannifin, Haverhill, MA, USA).
The analytical column used was a cellulose tris (3,5-dimethylphenylcarbamate) coated
silica-gel Chiracel® OD-RH (5 μm, 150 x 4.6 mm) (Chiral Technologies, West Chester, PA,
USA). The mobile phase consisted of methanol, acetonitrile and 10 mM ammonium formate (pH
8.5) (8.1:24.4:67.5, v/v/v) that was filtered and degassed under reduced pressure prior to use.
Separation was carried out isocratically at ambient temperature (23 ± 1°C) with a flow rate of 0.8
mL/min. Carbamazepine was used as the internal standard. Both enantiomers of IX were
monitored in selected ion monitoring (SIM) negative mode with a single plot transition at m/z
353.15; internal standard in positive SIM m/z 237.15. For LC monitoring, absorbance was
measured at 291 nm.
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4.3.1.3 Circular dichroism
A Jasco J810 circular dichroism (CD) spectropolimeter-flurometer (Easton, MD, USA)
was used to identify the IX enantiomers. Fractions of each enantiomer from a stock solution were
collected after chromatographic separation employing the previously described analytical
method. IX enantiomer fractions were dried to completion using a stream of compressed
nitrogen. Samples were suspended in 150 μL of methanol and deposited into a 0.5 mm path
length water-jacketed cylindrical quartz cell. Molar ellipticity was monitored from 420 to 190
nm at ambient temperature (23 ± 1°C). Enantiomer identities were confirmed using previously
published CD spectra for the structurally similar 8PN in the literature (17,21).
4.3.1.4 Stock and working standard solutions
Methanolic stock solutions of racemic IX (100 μg/mL or 282 μM) and carbamazepine
(100 μg/mL or 423 μM) were prepared. Stock solutions were protected from light and stored at 20°C between uses for no longer than 3 months. Calibration standards in blank male CD
(Sprague-Dawley) rat serum and urine were prepared daily from the stock solutions of racemic
IX to yield final concentrations; 0.05, 0.1, 0.5, 1.0, 5.0, 10, 50 and 100 μg/mL (141 nM – 282
μM) in both matrices (100 μL) for R- and S-IX. Quality control (QC) samples were prepared
from stock solutions in serum and urine to yield concentrations of 0.075, 7.5 and 75 μg/mL (212
nM, 21.2 μM and 212 μM) for both enantiomers of IX in both matrices.
4.3.1.5 Sample preparation
To the working standards or samples (0.1 mL), carbamazepine (30 μL, 100 μg/mL), the
internal standard, was added to each point on the standard curve or QC samples along with 1.0
mL of cold acetonitrile (-20°C) to precipitate proteins. The samples were vortexed and
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centrifuged at 14,000 rpm for 5 min. The supernatant was transferred to new microcentrifuge
tubes and evaporated to dryness using a Savant SPD1010 SpeedVac Concentrator (Thermo
Fisher Scientific, Inc., Asheville, NC, USA). The residues were reconstituted with 200 μL of
mobile phase, vortexed and centrifuged at 14,000 rpm for 5 min. The supernatant was transferred
to HPLC vials and 10 μL were injected into the LC-ESI-MS system as described above.
4.3.1.6 Precision, accuracy and recovery
The interday precision and accuracy of the assay was determined from the results of three
replicate assays on three different days during a one week period. Three standard curves (0.05 –
100 μg/mL) with the inclusion of the three QC sample concentrations (0.075, 7.5 and 75 μg/mL)
in both serum and urine were used. The precision of the assay was evaluated by the coefficient of
variation (CV) of the QC samples. The accuracy was determined by the mean percentage error of
measured concentration to the expected concentration (percent bias) of the QC samples using the
constructed standard curves.
Recovery of both enantiomers of IX from serum and urine at the QC sample
concentrations was determined. Recovery was assessed by the comparing the measured values of
QC samples in methanol to measured values of QC samples extracted from matrix.
4.3.1.7 Data analysis
The quantification of concentrations was based on calibration curves constructed using
the peak area ratio (PAR) of the enantiomers of IX to internal standard, against the
concentrations of IX enantiomers using unweighted least squares linear regression.
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4.3.2 RESULTS
4.3.2.1 Enantiospecific LC-ESI-MS analysis of isoxanthohumol
Numerous compositions of the mobile phase and chiral columns were evaluated to
achieve the best separation and resolution of the two IX enantiomers. Optimal separation was
achieved with the combination of methanol, acetonitrile and 10 mM ammonium formation (pH
8.5) (8.1:24.4:67.5, v/v/v) with a flow rate of 0.8 mL/min. A basic mobile phase was required to
preserve compound stability and increase ionization. In acidic medium, cyclization of the prenyl
side chain results in the transformation of IX into a four-ring structure and decrease the signal
over time during analysis (22). Ionization of IX was substantially improved with the use of basic
conditions as indicated by increased signal.
Separation of the IX enantiomers in serum and urine was successfully achieved under
reverse-phase conditions using a Chiracel® OD-RH column. The resolution factors for the IX
enantiomers in serum and urine were 1.2 and 1.01, respectively. There were no interfering peaks
co-eluted with the peaks of interest (Figure 4.2A and Figure 4.3B). The retention times for S- and
R-IX were approximately 27.4 and 32.8 min, respectively in both matrices (Figure 4.2B, C and
Figure 4.3B, C). The internal standard had a retention time of 19.5 min.
4.3.2.2 Circular dichroism
CD measurements were carried out from collected fractions and resulting CD spectra
(Figure 4.4) were compared to spectra in the literature for 8PN for enantiomer identification
(17,21). CD (S-IX, in methanol): [θ]236 + 17,612; [θ]288 – 17,216; [θ]336 + 17,527. (R-IX, in
methanol): [θ]236 – 6,818; [θ]291 + 23,681; [θ]333 – 6,257.
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Figure 4.2 Representative chromatograms of isoxanthohumol in serum: A) blank serum
demonstrating no interfering peaks co-eluted with the compounds of interest; B) rat serum
containing internal standard and isoxanthohumol at a concentration of 100 μg/mL for each
enantiomer; and C) chromatogram of rat pharmacokinetic serum sample containing S and Risoxanthohumol 1 min post-intravenous dose (10 mg/kg racemic isoxanthohumol).

4.3.2.3 Linearity and limit of quantitation
Calibration curves for IX were linear from 0.05 – 100 μg/mL for both matrices. The
calibration curves from each enantiomer showed good coefficient of determination (R2) >0.99.
The limit of quantitation of the method was 0.05 μg/mL in both matrices for both enantiomers.
The limits of detection for the method were calculated measuring the average background noise
in blank samples at the retention time of the peaks of interest. Limit of detection was taken to be
5 times the background response. Limit of detection for both matrices for both enantiomers was
found to be 0.01 μg/mL.
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Figure 4.3 Representative chromatograms of isoxanthohumol in urine: A) blank urine
demonstrating no interfering peaks co-eluted with the compounds of interest; B) rat urine
containing internal standard and isoxanthohumol at a concentration of 100 μg/mL for each
enantiomer; and C) chromatogram of rat pharmacokinetic urine sample containing S and Risoxanthohumol 2 h post-oral dose (100 mg/kg racemic isoxanthohumol).

4.3.2.4 Precision, accuracy and recovery
The LC-ESI-MS assay showed excellent accuracy and interday precision with bias <15%
and CV between -8.55 and 17.4% for the QC samples evaluated at low (0.075 μg/mL), medium
(7.5 μg/mL) and high concentrations (75 μg/mL) in both serum and urine (Table 4.1). The
recovery (extraction efficiency) of the assay was determined to be 75% in serum for both
enantiomers and 108% in urine for both enantiomers. These data indicate that the developed LCESI-MS method is accurate, precise and reproducible for both enantiomers.
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Figure 4.4 Circular dichroism spectra for isoxanthohumol enantiomers.

Table 4.1 Accuracy and precision of the enantiospecific LCMS quantitative analysis of
isoxanthohumol (n = 3).

Analyte

Nominal
Value
(μg/mL)

Serum
Measured
CV
Value (μg/mL)
(%)
(mean ± SEM)

Bias
(%)

Urine
Measured
CV
Value (μg/mL)
(%)

Bias
(%)

S-IX
Low
Medium
High

0.075
7.5
75

0.067 ± 0.008
8.49 ± 0.888
68.6 ± 2.37

17.4
14.8
4.88

-12.1
13.2
-8.25

0.070 ± 0.004
8.60 ± 0.776
68.6 ± 2.60

8.34
12.8
5.37

-6.81
14.6
-8.55

R-IX
Low
Medium
High

0.075
7.5
75

0.064 ± 0.005
8.25 ± 0.358
81.3 ± 3.65

11.7
6.15
6.35

-14.9
9.95
8.37

0.072 ± 0.002
8.61 ± 0.719
83.4 ± 1.52

4.92
11.8
2.57

-4.47
14.8
11.2
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4.4 8-PRENYLNARINGENIN ASSAY VALIDATION
4.4.1 METHODS
4.4.1.1 Chemicals and reagents
Racemic 8PN was purchased from Orgentis Chemicals (Gatersleben, Germany).
Carbamazepine was purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade 2propanaol was purchased from Alfa Aesar (Ward Hill, MA, USA). Ammonium formate was
purchased from Acros Organics (Geel, Belgium). Milli-Q water, reagent-grade deionized water
from a Milli-Q system was used (Millipore, Billerica, MA).
4.4.1.2 Analytical system and conditions
The LC-ESI-MS system used was a Shimadzu LCMS-2010 EV mass spectrometer system
connected to the LC portion consisting of two LC-10AD pumps, a SIL-10AD VP auto-injector, a
SPD-10A VP UV detector and a SCL-10 VP system controller (Kyoto, Japan). Data analysis was
accomplished using Shimadzu LCMS Solutions ver. 3 software. The MS condition consisted of a
curved desolvation line temperature of 200°C and a block temperature of 200°C. The curved
desolvation line, interface and detector voltages were -20.0 V, 4.5 kV and 1.2 kV, respectively.
Vacuum was maintained by an Edwards E2M30 rotary vacuum pump (Edwards, UK). Nitrogen
was used as a source of nebulizer gas (1.5 L/min) from a Parker Balston NitroFlow 60 NA
nitrogen generator (Parker Hannifin, Haverhill, MA, USA).
The analytical column used was an amylose tris (3,5-dimethyl-phenylcarbamate) coated
silica-gel Chiralpak® AD-RH (5 μm, 150 x 4.6 mm) (Chiral Technologies, West Chester, PA,
USA). The mobile phase consisted of 2-propanol and 10 mM ammonium formate (pH 8.5)
(40:60, v/v) that was filtered and degassed under reduced pressure prior to use. Separation was
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carried out isocratically at ambient temperature (23 ± 1°C) with a flow rate of 0.7 mL/min.
Carbamazepine was used as the internal standard. Both enantiomers of 8PN were monitored in
SIM negative mode with single plot transition at m/z 339.15; internal standard positive SIM m/z
237.15. For LC monitoring, absorbance was measured at 291 nm.
4.4.1.3 Circular dichroism
A Jasco J810 circular dichroism spectropolimeter-flurometer (Easton, MD, USA) was
used to verify the identities of the 8PN enantiomers. Fractions of each 8PN enantiomer from
stock solution were collected after chromatographic separation using the previously described
analytical method. Fractions were dried to completion using a stream of compressed nitrogen.
Samples were suspended in 150 μL of methanol and deposited in a 0.5 mm path length waterjacketed cylindrical quartz cell. Molar ellipticity was monitored from 420 to 190 nm at ambient
temperature (23 ± 1°C). Enantiomer identities were confirmed using previously published
circular dichroism spectra and spectra for naringenin, a structurally similar flavonoid in the
literature (17,23).
4.4.1.4 Stock and working standard solutions
Methanolic stock solutions of racemic 8PN (100 μg/mL or 294 μM) and the internal
standard, carbamazepine (100 μg/mL or 423 were prepared. These solutions were protected from
light and stored at -20°C between uses for no longer than 3 months. Calibration standards in
serum and urine were prepared daily from the stock solutions of racemic 8PN by sequential
dilution with blank male CD (Sprague-Dawley) rat serum and urine, yielding a serious of
concentrations; 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10, and 75 μg/mL (29.4 nM – 220 μM) in urine and
0.05, 0.1, 1.0, 5.0, 10 and 75 μg/mL (147 nM – 220 μM) in serum for both R- and S-8PN. QC
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samples were prepared from stock solution of racemic 8PN by dilution with blank serum and
urine to yield target concentrations of 0.075, 7.5 and 50 μg/mL (220 nM – 147 μM).
4.4.1.5 Sample preparation
The working standards of racemic 8PN were added to blank rat serum or urine (100 μL) in
microcentrifuge tubes to achieve the desired final concentrations previously described along with
30 μL (100 μg/nL) of the internal standard. 1.0 mL of cold acetonitrile (-20°C) was added to the
samples to precipitate proteins. The samples were vortexed and centrifuged at 14,000 rpm for 5
min. The supernatant was transferred to new microcentrifuge tubes and evaporated to dryness by
a stream of nitrogen gas. The residues were reconstituted with 200 μL of mobile phase, vortexed
for 30 seconds and centrifuged at 14,000 rpm for 5 min. The supernatant was transferred to
HPLC vials and 10 μL were injected into the LC-ESI-MS system.
4.4.1.6 Precision, accuracy and recovery
The intraday precision and accuracy of the replicate assays (n = 6) were determined using
eight different concentrations of both 8PN enantiomers in urine; 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10
and 75 μg/mL and seven different concentrations for both enantiomers in serum; 0.05, 0.1, 0.5,
1.0, 5.0, 10 and 75 μg/mL. The interday precision and accuracy of the assay was determined
from the results of 6 replicate assays on 6 different days during a 1-week period. The precision of
the assay was evaluated by the relative standard deviation (RSD). The accuracy was determined
by the mean percentage error of measured concentration to the expected concentration (bias).
Recovery of both enantiomers of 8PN from rat urine at 0.01, 1.0, 10 and 75 μg/mL and
0.05, 1.0, 10 and 75 μg/mL in serum were assessed (n = 3/matrix). Recovery was assessed by
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comparing the measured values of samples in methanol to measured values of samples extracted
from matrix (serum or urine).
4.4.1.7 Stability of samples
The freeze-thaw stability of the 8PN enantiomers was evaluated at four concentrations:
0.01, 1.0, 10 and 75 μg/mL in urine and 0.05, 1.0, 10 and 75 μg/mL in serum. A new stock
solution of racemic 8PN (100 μg/mL in methanol) was prepared for use in the samples. These
samples were analyzed at first without being frozen. The samples were then stored at -20°C and
thawed at room temperature (23 ± 1°C) and reanalyzed for three cycles.
The stability of the 8PN enantiomers in reconstituted extracts during run-time in the LCESI-MS auto-injector was evaluated using samples with the same concentrations as the freezethaw stability experiment. Samples were prepared and injected for analysis and then kept in the
sample rack of the auto-injector and injected into the LC-ESI-MS system again 24 h later.
4.4.1.8 Data analysis
The quantification of concentrations was based on calibration curves constructed using the
PAR of the enantiomers of 8PN to internal standard, against the concentrations of 8PN
enantiomers using unweighted least squares linear regression.
4.4.2 RESULTS
4.4.2.1 Enantiospecific LC-ESI-MS analysis of 8-prenylnaringenin
Numerous compositions of mobile phase were evaluated to achieve the best separation and
resolution of the two 8PN enantiomers. Optimal separation was achieved with the 40:60 v/v
combination of 2-propanol and 10 mM ammonium formate (pH 8.5) with a flow rate of 0.7
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mL/min. A basic mobile phase was required for two reasons: stability and ionization. In acidic
medium, cyclization of the prenyl side chain results in the transformation of 8PN into a four-ring
structure and decreased the signal over time during analysis (22,24). Ionization of 8PN was
greatly improved with the use of the basic conditions as indicated by an increased signal.
Baseline separation of the 8PN enantiomers in rat serum and urine was successfully
achieved under reverse-phase conditions using a Chiralpak® AD-RH column. The resolution
factor for the 8PN enantiomers in serum and urine were 1.27 and 1.44, respectively. There were
no interfering peaks co-eluted with the peaks of interest (Figure 4.5A, Figure 4.6A). The
retention times for R- and S-8PN were approximately 16 and 22 min, respectively in both
matrices (Figure 4.5B, C and Figure 4.6B, C). The internal standard had a retention time of 9.4
min. The performance of the LC-ESI-MS assay was assessed using the following parameters:
peak shape and purity, interference from endogenous substances in biological fluids, linearity,
limit of quantitation, freeze-thaw stability, stability of reconstituted extracts, precision, accuracy
and recovery.
4.4.2.2 Circular dichroism
CD measurements were carried out from collected fractions (Figure 4.7) and resulting
CD spectra were compared to CD spectra in the literature for both 8PN (17) and naringenin (23)
for enantiomer identification. CD (R-8PN, in methanol): [θ]313 -180,000; [θ]291 +106,000; [θ]237 217,000; [θ]217 -99,900. (S-8PN, in methanol): [θ]312 +272,000; [θ]290 -128,000; [θ]236 +276,000;
[θ]218 +120,000.
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Figure 4.5 Representative chromatograms of 8-prenylnaringenin in serum: A) blank serum
demonstrating no interfering peaks co-eluted with the compounds of interest; B) rat serum
containing internal standard and 8-prenylnaringenin at a concentration of 50 μg/mL for each
enantiomer; and C) chromatogram of rat pharmacokinetic serum sample containing R- and S-8prenylnaringenin in 0.25 h post-intravenous dose (10 mg/kg racemic 8-prenylnaringein).

4.4.2.3 Linearity and limit of quantification
Excellent linear relationships of R2 = 0.9997 were demonstrated between the PARs of Rand S-8PN to the internal standard and the corresponding serum concentrations of R- and S-8PN
over the range of 0.05-75 μg/mL. The mean regression lines from the validated runs in serum
were described by R-8PN (μg/mL) = (0.00406x ± 0.000697x) + (0.0000 ± 0.0000764) and S-8PN
(μg/mL) = (0.00384x ± 0.001919x) – (0.0002 ± 0.0000082). Excellent linear relationships of R2
= 0.9994 and R2 = 0.9999 were also demonstrated between PARs of R- and S-8PN to the internal
standard and the corresponding urine concentrations of R- and S-8PN, respectively, over the
range of 0.01-75μg/mL. The mean regression lines from the validated runs in urine were
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described by R-8PN (μg/mL) = (0.0047x ± 0.0006x) + (0.0004 ± 0.00008) and S-8PN (μg/mL) =
(0.0053x ± 0.0019x) – (0.0002 ± 0.00008).
The limits of quantification for this assay were 0.01 μg/mL for both enantiomers in urine
and 0.05 μg/mL in serum. The corresponding interday RSDs for R-8PN and S-8PN in serum
were 5.86% and 2.34%, respectively, with biases of 10.6% and 16.4%, respectively. The intraday
RSDs for R-8PN and S-8PN in urine were 2.12% and 7.47%, respectively, with biases of 18.1%
and 19.5%, respectively. The back calculated concentrations of QC samples were within the
acceptance criteria for both matrices.
Figure 4.6 Representative chromatograms of 8-prenylnaringenin in urine: A) blank urine
demonstrating no interfering peaks co-eluted with the compounds of interest; B) rat urine
containing internal standard and 8-prenylnaringenin at a concentration of 50 μg/mL for each
enantiomer; and C) chromatogram of rat pharmacokinetic urine sample containing R- and S-8prenylnaringenin 2 h post-intravenous dose (10 mg/kg racemic 8-prenylnaringenin).
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Figure 4.7 Circular dichroism spectra for 8-prenylnaringenin enantiomers.

4.4.2.4 Precision, accuracy and recovery
The intraday run precisions (RSD) calculated during replicate assay (n = 6) of R- and S8PN in rat serum were 9.84% and 10.9%, respectively, over a wide range of concentrations and
11.7% and 14.9%, respectively, for urine. The intraday run biases assessed during the replicate
assays for R- and S-8PN in serum varied between -0.376 and 18.1% for R-8PN and -1.77 and
19.5% for S-8PN. Intraday run biases in urine varied between -3.58 and 9.20% for R-8PN and 1.94 and 5.03% for S-8PN. The interday run previsions (RSD) calculated during replicate assays
(n = 6) of R- and S-8PN in rat serum were 13.7% and 8.95%, respectively, over a wide range of
concentrations and 14.1% and 13.3%, respectively, for urine. The interday run biases assessed
during the replicate assays for R- and S-8PN in serum varied between -3.34 - 10.6% for R-8PN
and -5.06 and 16.4% for S-8PN. Interday run biases in urine varied between -4.30 and 9.38% for
R-8PN and -3.50 - 10.1% for S-8PN. The inter- and intraday RSD and biases for all
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concentrations are detailed in Table 4.2. The recoveries of R- and S-8PN were determined over
the
Table 4.2 Intra- and interday precision and accuracy of the enantiospecific assay for 8prenylnaringenin in biological matrices.
Observed
RSD (%)
Added
Intraday Interday
Intraday
Interday
(A) R-8-Prenylnaringenin concentration in rat serum (μg/mL)
0.05
0.0590
0.0553
2.12
5.86
0.1
0.108
0.103
9.84
12.7
0.5
0.528
0.483
8.39
7.17
1.0
0.920
0.982
4.96
13.7
5.0
4.72
5.22
8.97
9.38
10
10.3
9.86
6.05
7.39
75
74.7
75.4
0.785
0.781
(B) S-8-Prenylnaringenin concentration in rat serum (μg/mL)
0.05
0.0598
0.0582
7.47
2.34
0.1
0.106
0.109
10.0
3.55
0.5
0.502
0.475
10.9
8.95
1.0
0.961
0.965
8.32
8.78
5.0
4.91
5.32
9.94
3.83
10
10.4
9.78
4.14
5.32
75
76.2
75.3
4.38
1.48
(C) R-8-Prenylnaringenin concentration in rat urine (μg/mL)
0.01
0.0109
0.0103
8.87
12.5
0.05
0.0482
0.0547
11.7
4.62
0.1
0.102
0.0980
7.74
14.1
0.5
0.495
0.479
3.02
7.74
1.0
1.03
1.03
6.26
10.3
5.0
5.04
5.10
2.72
6.27
10
9.95
9.86
1.52
3.95
75
75.2
75.2
0.226
0.734
(D) S-8-Prenylnaringenin concentration in rat urine (μg/mL)
0.01
0.0105
0.0110
14.9
13.3
0.05
0.0510
0.0483
12.1
11.3
0.1
0.102
0.100
8.84
12.0
0.5
0.501
0.541
0.810
4.43
1.0
1.03
1.03
6.19
9.26
5.0
4.93
4.88
5.02
7.76
10
9.81
10.1
3.62
5.59
75
74.7
75.3
1.04
0.580
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Bias (%)
Intraday Interday
18.1
8.43
5.52
-7.96
-5.60
2.85
-0.376

10.6
2.72
-3.34
-1.77
4.42
-1.38
0.479

19.5
6.0
0.5
-3.91
-1.77
4.12
1.61

16.4
9.23
-5.06
-3.48
6.32
-2.16
0.380

9.20
-3.58
2.26
-0.916
3.19
0.867
-0.456
0.279

3.49
9.38
-2.00
-4.30
3.43
2.10
-1.41
0.226

5.03
1.91
1.91
0.271
3.19
-1.50
-1.94
-0.397

10.1
-3.50
-0.0202
8.18
2.87
-2.46
0.800
0.339

working standard range (0.05-75 μg/mL in serum and 0.01-75 μg/mL in urine, n = 6). The
extraction efficiency (recovery) of this assay was determined to be 97.4% in serum for both
enantiomers and 97.8% in urine for both enantiomers. These data indicate that the developed LCESI-MS method is accurate and reproducible for both enantiomers.
4.4.2.5 Stability
No significant degradation was detected in the R-and S-8PN samples in either biological
fluid following three freeze-thaw cycles. The recoveries of R-8PN in serum were 98.3-106% and
99.0-104% for S-8PN. In urine, the recoveries of R-8PN were 97.3-103% and 98.7-105% for S8PN. No significant decomposition was observed after the reconstituted samples of 8PN were
stored in the auto-injector at room temperature (23 ± 1°C) for 24 h. The measurements were
>94.3% for the initial values for R-8PN and >93.9% of the initial values for S-8PN in rat urine at
concentrations of 0.05, 1.0, 10 and 75 μg/mL during storage in the auto-injector. The
measurements were >93.8% of the initial values for R-8PN and >94.1% of the initial values for
S-8PN in rat urine at concentrations of 0.01, 1.0, 10 and 75 μg/mL during storage in the autoinjector.

4.5 6-PRENYLNARINGENIN ASSAY VALIDATION
4.5.1 METHODS
4.5.1.1 Chemicals and reagents
Racemic 6PN analytical standard was purchased from Cerilliant Corporation (Round Rock,
TX, USA). Carbamazepine was purchased from Sigma-Aldrich (St. Louis, MO, USA).
Ammonium formate was purchased from Acros Organics (Geel, Belgium). HPLC-grade
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acetonitrile was purchased from EMD Chemicals (Gibbstown, NJ, USA). Ultra-pure, reagentgrade water from a Milli-Q water system was used (Millipore, Billerica, MA, USA).
4.5.1.2 Analytical system and conditions
The LC-ESI-MS system used was a Shimadzu LCMS-2010 EV liquid chromatography
mass spectrometer system (Kyoto, Japan) connected to the LC portion consisting of two LC10AD pumps, a SIL-10AD VP auto-injector, a SPD-10A VP UV detector and a SCL-10A VP
system controller. Data analysis was accomplished using Shimadzu LCMS Solutions ver. 3
software. The mass spectrometer conditions consisted of a curved desolvation line temperature
of 250°C and a block temperature of 200°C. The curved desolvation line, interface and detector
voltages were -20.0 V, 4.5 kV and 1.2 kV, respectively. Nitrogen was used as nebulizer gas (1.5
L/min) from a Parker Balston NitroFlow 60 NA nitrogen generator (Parker Hannifin, Haverhill,
MA, USA).
The analytical column used was an amylose tris (3,5-dimethyl-phenylcarbamate) coated
silica-gel Chiralpak® AD-RH (5 μm, 150 x 4.6 mm) (Chiral Technologies, West Chester, PA).
The mobile phase consisted of acetonitrile and 10 mM ammonium formate (pH 8.5) (39:61, v/v)
that was filtered and degassed under reduced pressure prior to use. Separation was carried out
isocratically at ambient temperature (23 ± 1°C) with a flow rate of 1.25 mL/min. Carbamazepine
was used as the internal standard. Both enantiomers of 6PN were monitored in SIM negative ion
mode with single plot transition at m/z 339.10. The internal standard was monitored in positive
SIM m/z 237.15. For LC monitoring, absorbance was measured at 291 nm.
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4.5.1.3 Circular dichroism
A Jasco J8110 circular dichroism spectropolimeter-flurometer (East, MD, USA) was used
to verify the identities of the 6PN enantiomers. Fractions of each 6PN enantiomer from a racemic
stock solution were collected after chromatographic separation using the previously described
analytical method. Fractions were dried to completion using a stream of compressed nitrogen.
Samples were re-suspended in methanol and deposited in a 0.5 mm path length water-jacketed
cylindrical quartz cell. Molar ellipticity was monitored from 420 to 190 nm at ambient
temperatures (23 ± 1°C). Enantiomer identities were confirmed using published circular
dichroism spectra for 8PN, a positional isomer of 6PN (17,21).
4.5.1.4 Stock and working standard solutions
Methanolic stock solutions of racemic 6PN (100 μg/mL or 294 μM) and the internal
standard, carbamazepine (100 μg/mL or 423 μM) were prepared. These solutions were protected
from light and stored at -20°C between uses for no longer than 3 months. Calibration standards
in serum and urine were prepared from the stock solutions of racemic 6PN by sequential dilution,
yielding a series of concentrations; 0.05, 0.1, 0.5, 1.0, 5.0, 10, and 100 μg/mL (29.4 nM – 294
μM) for both R- and S-6PN. QC samples were prepared from stock solution of racemic 6PN by
dilution to yield target concentrations of 0.075, 7.5 and 75 μg/mL (220 nM, 22.0 μM and 220
μM) for both enantiomers of 6PN.
4.5.1.5 Sample preparation
To the working standards or samples (0.1 mL), carbamazepine (30 μL, 100 μg/mL), the
internal standard, was added to each point on the standard curve or QC samples along with 1.0
mL of cold acetonitrile (-20°C) to precipitate proteins. The samples were vortexed and
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centrifuged at 14,000 rpm for 5 min. The supernatant was transferred to new microcentrifuge
tubes and evaporated to dryness using a Savant SPD1010 SpeedVac Concentrator (Thermo
Fisher Scientific, Inc., Asheville, NC, USA). The residues were reconstituted with 200 μL of
mobile phase, vortexed and centrifuged at 14,000 rpm for 5 min. The supernatant was transferred
to HPLC vials and 10 μL were injected into the LC-ESI-MS system as described above.
4.5.1.6 Precision, accuracy and recovery
The interday precision and accuracy of the assay was determined from the results of three
replicate assays on three different days during a one week period. Three standard curves (0.05 –
100 μg/mL) with the inclusion of the three QC sample concentrations (0.075, 7.5 and 75 μg/mL)
were used. The precision of the assay was evaluated by the coefficient of variation (CV) of the
QC samples. The accuracy was determined by the mean percentage error of measured
concentration to the expected concentration (percent bias) of the QC samples using the
constructed standard curves.
Recovery of both enantiomers of 6PN at the QC sample concentrations was determined.
Recovery was assessed by the comparing the measured values of QC samples in methanol to
theoretical values of QC samples.
4.5.1.7 Data analysis
The quantification of concentrations was based on calibration curves constructed using
the peak area ratio (PAR) of the enantiomers of 6PN to internal standard, against the
concentrations of 6PN enantiomers using unweighted least squares linear regression.
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4.5.2 RESULTS
4.5.2.1 Enantiospecific LC-ESI-MS analysis of 6-prenylnaringenin
Numerous compositions of mobile phases and chiral columns were evaluated to achieve
the best separation and resolution of the two 6PN enantiomers. To our knowledge, there were no
previously published enantiospecific methods of detection for 6PN in the literature. Optimal
separation was achieved with the 39:61 (v/v) acetonitrile and 10 mM ammonium formate (pH
8.5) with a flow rate of 1.25 mL/min using a Chiralpak® AD-RH column. A basic mobile phase
was required for two reasons; stability and ionization. In acidic medium, cyclization of the prenyl
side chain results in the transformation of 6PN into a four-ring structure and decrease the signal
over time during analysis (22,24). Ionization of 6PN was improved with the use of basic
conditions as opposed to neutral conditions as indicated by increased signal.
Baseline separation of 6PN enantiomers was successfully achieved under reverse-phase
conditions using the Chiralpak® AD-RH column. The resolution factor for the 6PN enantiomers
was 1.4 in both matrices. There were not interfering peaks co-eluted with the peaks of interest
(Figure 4.8). The retention times for R- and S-6PN were approximately 13.8 and 17.6 min,
respectively. The internal standard has a retention time of 2.375 min.
4.5.2.2 Circular dichroism
CD measurements were carried out from collected fractions and the resulting CD spectra
(Figure 4.9) were compared to CD spectra in the literature for 8PN (17,21) for enantiomer
identification as no published spectra were available for 6PN. CD (R-6PN, in methanol): [θ]330 1,079; [θ]291 + 16,158; [θ]217 - 11,202; [θ]201 + 3,019. (S-6PN, in methanol): [θ]330 + 7,194; [θ]293
- 15,385; [θ]215 + 20,484; [θ]204 + 3,519.
160

Figure 4.8 Representative LC-ESI-MS chromatogram of internal standard and 6prenylnaringenin at a concentration of 10 μg/ml shown as total ion concentration (TIC).

Figure 4.9 Circular dichroism spectra for 6-prenylnaringenin enantiomers.

4.5.2.3 Linearity and limit of quantitation
Calibration curves for 6PN were linear from 0.05 – 100 μg/mL (Figure 4.10). The
calibration curves from each enantiomer showed good coefficient of determination (R2 > 0.99).
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The limit of quantitation of the method was 0.05 μg/mL. The limit of detection for the method
was calculated measuring the average background noise in blank samples at the retention time of
the peaks of interest. Limit of detection was taken to be 5 times the background response. Limit
of detection was found to be 0.01 μg/mL.
Figure 4.10 Representative calibration curve for R- and S-6-prenylnaringenin obtained using
LC-ESI-MS.

4.5.2.4 Precision, accuracy and recovery
The LC-ESI-MS assay showed excellent accuracy and interday precision with bias <15%
and CV between 3.84 and 10.0% for the QC samples evaluated at low (0.075 μg/mL), medium
(7.5 μg/mL) and high concentrations (75 μg/mL) (Table 4.3). The recovery of the assay was
found to be about 98% for both enantiomers. These data indicate that the developed LC-ESI-MS
method is accurate, precise and reproducible for both enantiomers.
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Table 4.3 Accuracy and prevision of the enantiospecific LCMS quantitative analysis of 6prenylnaringenin (n = 3).
Analyte

Nominal value (μg/ml)

Measured value (μg/ml)

CV (%)

Bias (%)

R-6PN
Low
Medium
High

0.075
7.5
75

0.083
7.04
80.4

3.84
5.55
3.88

11.0
-6.19
7.19

S-6PN
Low
Medium
High

0.075
7.5
75

0.078
6.79
78.8

10.0
7.67
8.73

4.38
-9.47
5.10

4.6 APPLICATION TO CONTENT ANALYSIS OF HUMULUS LUPULUS LCONTAINING NATURAL HEALTH PRODUCTS AND DIETARY
SUPPLEMENTS
4.6.1 METHODS
4.6.1.1 Materials and methods
HPLC-grade methanol was purchased from EMD Millipore (Gibbstown, NJ, USA). Ultrapure, reagent-grade water from a Milli-Q water system was used (Millipore, Billerica, MA,
USA).
4.6.1.2 Natural health products and dietary supplements
Six herbal teas and 33 preparations reported to contain hops and hops extracts readily
available in the United State and Canada were selected for investigation. The products chosen
also represented the spectrum of heath claims for hops-containing products available on the
market. Five of the preparations possessed label claims for IX and 6PN while six preparations
possessed label claims for 8PN. Table 4.4 contains the products analyzed and label claims. All
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products were purchased on the open market through retail stores, online retailers and direct
sales or multi-level marketing companies in both Canada and the United States. No products
were accepted directly from manufacturers. All products were from lots that were not past noted
expiry dates.
4.6.1.3 Sample extraction and preparation
The 6 tea products underwent two types of extraction; hot water and methanolic. For the
hot water extractions, individual infusion instructions (volume of water and steeping time) were
followed for each tea product. Boiling (100°C) ultra-pure water was used for the hot water
extractions. The tea bags were undisturbed during the hot water extractions. Following the
steeping times, the extractions were collected in 100 μL aliquots. For the methanolic extractions,
the contents of each tea bag were emptied into a 15 mL tube. 4 mL of methanol were added to
each tube and then the tubes were placed on a rocking platform shaker and incubated at room
temperature (22 ± 1°C) for 3 h. Tubes were centrifuged for 10 min at 4,400 rpm. The supernatant
was collected in 100 μL aliquots.
Of the 33 preparations, 14 were in capsule form and 12 were tablets. The remainder of
the products were in softgel, tincture, gum or topical dosage forms. For the extraction and
preparation of the products, one recommended dose, as described by the accompanying product
information, was used.
For products without a recommended dosage, 1 g of the product was taken. Capsules
were emptied of contents and tablets were ground to a fine powder. The gum product was frozen
with liquid nitrogen and ground to a fine powder. Softgels were perforated to provide easy
escape of internal contents. Products placed in 15 mL tubes were extracted with 4 mL of
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methanol by being placed on a rocking platform shaker and incubated at room temperature (22 ±
1°C) for 3 h. Solvent volumes were determined based on previous nutraceutical content analyses
from our laboratory (15). Tubes were centrifuged for 10 min at 4,400 rpm. The supernatant was
collected in 100 μl aliquots. It should be noted that the tincture did not undergo the extraction
procedure given that it was already in extract-form.
To the 100 μL aliquots, 30 μL (100 μg/mL) of the internal standard, carbamazepine, was
added. Samples were dried to completion using a Thermo Scientific Savant™ SPD1010
SpeedVac® Concentrator (Waltham, MA, USA) with a low heat setting (45 °C). The residues
were reconstituted in 200 μL of mobile phase and 10 μL were injected into the LC/MS system
and analyzed using the previously described enantiospecific analytical methods of analysis for
IX, 8PN and 6PN.
4.6.1.4 Data analysis
The quantification of concentrations was based on calibration curves constructed using
the peak area ratio (PAR) of the enantiomers of IX, 8PN and 6PN to the internal standard,
against the concentrations of IX, 8PN and 6PN enantiomers using unweighted least squares
linear regression.
Table 4.4 Natural health product and dietary supplement label claims per preparation. †Indicates
a product claiming to contain H. lupulus. ♦Indicates a product claiming an amount of 8prenylnaringenin. ●Indicates a product claiming an amount of 6-prenylnaringenin. ○ Indicates a
product claiming an amount of isoxanthohumol.
Product
Preferred Nutrition SleepTea™
Celestial Seasoning® Tension Tamer® Tea

Country of manufacture
Teas
Canada
United States
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Recommended dose
1 bag
1 bag

Label claim
†
†

Virage Santé Lalma Nightly
Traditional Medicinals® Nighty Night®
Algonquin Tea Company Peace Tea
Celebration Herbals Hops Flowers with
Lemongrass
Nature’s Harmony® Herbal Insomnia
Swiss Natural® Herbal Sleepwell
Hyland’s® Calms Forté®
Jamieson™ Relax & Sleep™
Iovate Health Sciences International Inc. Sleep
®
Swiss
MD® Natural® Solutions Sleep
SISU Easy Rest

Canada
1 bag
United States
1 bag
Canada
1 bag
United States
1 bag
Sleep aids
Canada
1 tablet
Canada
3 tablets
United States
1 tablet
Canada
2 capsules
Canada
1 caplet
Canada
2 capsules
Canada
1 capsule
Relaxants/Anti-anxiety
Futurebiotics Chill Pill®
United States
3 tablets
Nature’s Harmony® Herbal Nerve
Canada
2 tablets
Metagenics® MyoCalm P.M.®
United States
4 tablets
Renew Life® Smokers’ Cleanse™ 3
United States
1 capsule
Land Art Pure FEEL NO1
Canada
5mL glycerol tincture
Anti-inflammatories
Source Naturals® Minor Pain Comfort™
United States
2 tablets
New Chapter® Zyflamend® Nighttime
United States
2 softgels
Menopause support/Hormone replacement
Vitanica® Woman’s Passage™
United States
1 capsule
Nature’s Own™ MenoSleep
Australia
2 tablets
AOR™ Advanced Series Estro Detox™
Canada
2 capsules
Swanson® Estro8PN™
United States
1 capsules
Natural Factors® MenoPause Formula
Canada
1 capsule
Life Extension® Natural Female Support
United States
1 capsule
Enzymatic Therapy® AM/PM PeriMenopause
United States
1 tablet
®
™
BioCeuticals
Australia
1 tablet
Formula™ PM MenoPlus
Formula 8-PN
EuroPharma® (Terry Naturally®)
United States
2 capsules
MenoComplete™
United States
2 capsules
Solaray® Estro-3™
United States
1 capsule
Garden of Life® Oceans 3™ Healthy Hormones®
United States
3 softgels
Breast enhancement
Breast Xcell
3 capsules
Eyefive Breast Success
United States
3 capsules
Eyefive Breast Success
United States
1tablet
ZOFT® Fulfill
United States
2 pieces chewing gum
Miscellaneous
worldProducts™
Apply ointment as necessary
™
WiseWays
Herbals
Crystal
Visions Dream Balm
United States
Apply ointment as necessary
worldBELIEVE
Organic
Salve
Vitanica® LactationBlend™
United States
1 capsule
Nature’s Way® Hops Flowers
United States
2 capsules

4.6.2 RESULTS
The LC-ESI-MS methods of analysis for IX, 8PN and 6PN were successfully applied to
the enantiospecific determination and quantification of IX, 8PN and 6PN in hops-containing
natural health products and dietary supplements. To our knowledge, there are no previously
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published studies or information on the enantiospecific content of IX, 8PN and 6PN of natural
health products and dietary supplements in the literature. The results of the analysis are reported
in Table 4.5. To assess label claims of IX, 8PN and 6PN, appropriate labeling was defined as a
product that contained at least 80% and no more than 120% of its claimed amount. If the label
claimed to contain H. lupulus, appropriate labeling was attained if any amount of IX, 8PN or
6PN were quantifiable. None of the hot water extractions of the tea products contained detectable
concentrations of IX, 8PN or 6PN. However, all three compounds were quantified in all of the
methanol extracts of the teas. Hot water extractions were undertaken to determine if detectable
concentrations of the compounds were reached in consumer preparation of the tea products. Of
the preparations claiming to contain H. lupulus, but no specific claimed amount of IX, 8PN or
6PN, only one of the 28 products had no detectable amount of any of the three compounds and 5
of the 28 products only contained detectable concentrations of one of the three compounds. All
of the products claiming an amount of IX, 8PN or 6PN all contained detectable amounts of the
compounds. However, none of the products with claimed amount of the three compounds were
appropriately labeled (within 80-120% of label claim). Of the 6 products claiming amounts of
8PN, 4 were found to have substantially less 8PN than label claim (5.5 – 52%) and two were
found to contain much more 8PN than labeled (592 – 597%). In all 5 products claiming amounts
of 6PN, all contained much less than labeled (6.67 – 49%). The opposite was true for products
with label claims of IX. All 5 products with labeled amounts of IX were found to have between
173 – 2,200% greater amounts of IX than on the label. None of the products with label claims for
IX, 8PN or 6PN discriminated between enantiomers and are assumed to reflect the racemic
concentrations. Of the products tested, R-8PN was found to be the predominate enantiomer of
8PN and S-6PN was found to be the predominate enantiomer of 6PN. R-IX was the predominate
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enantiomer of IX in the products analyzed. Currently, no literature exists on how various drying
and extraction methods employed in natural health products and supplements may affect
enantiospecific disposition and stability of these compounds. Additionally, the effect of
enantiospecific disposition and stability during long term storage is also unknown. However, one
study on the stability of XN in dried hops cones (whole and ground) stored at -15°C and
ethanolic extracts (10%, 30%, 50%, 70% and 95% ethanol) stored at room temperature (21°C)
found that substantial loss of XN occurred in both dried cones (up to 6.5% loss) and extracts (up
to 95% loss) after one year and after two years, loss of XN in dried cones reached 22.2% and
100% loss for ethanolic extracts (25). The study did not monitor for formation of IX in the dried
cones or extracts; however, it is known that up to 98% of XN is thermally isomerized to IX
during the beer brewing process (26). It is speculated that the extremely high concentrations of
IX in the products examined compared to label claims may have resulted from the isomerization
of XN to IX in hops extracts over time.
Table 4.5 Prenylflavonoid content in selected natural health products and supplements (μg per
recommended dosage) following methanolic extraction. If a specific amount was claimed, the
amount in μg is indicated. †Indicates a product claiming to contain H. lupulus. ND; not detected,
indicates that concentrations were below detectable limits.
8-Prenylnaringenin

Product
Number

Claimed

R-8PN / S-8PN

1
2
3
4
5
6
7
8
9
10
11
12
13
14

†
†
†
†
†
†
†
†
†
†
†
†
†
†

1.82 / ND
ND / ND
43.2 / 15.2
10.8 / 11.1
125 / 112
3.14 / 6.14
ND / ND
ND / ND
3.45 / 3.38
0.125 / ND
0.443 / 0.460
0.391 / 0.832
15.5 / 17.5
10.3 / 5.95

6-Prenylnaringenin
Total
8PN
1.82
ND
58.4
21.9
237
9.27
ND
ND
6.83
0.125
0.903
1.22
33.1
16.3

Claimed

R-6PN / S-6PN

†
†
†
†
†
†
†
†
†
†
†
†
†
†

ND / ND
ND / ND
2.19 / 7.14
3.75 / 10.7
9.22 / 23.0
2.45 / 7.73
4.49 / 12.3
1.80 / 6.27
2.91 / 8.76
1.86 / 6.39
1.87 / 6.41
ND / ND
5.24 / 14.0
2.29 / 7.36
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Isoxanthohumol
Total
6PN
ND
ND
9.33
14.4
32.2
10.2
16.8
8.07
11.7
8.25
8.28
ND
19.3
9.65

Claimed

R-IX / S-IX

Total IX

†
†
†
†
†
†
†
†
†
†
†
†
†
†

ND / ND
3.48 / 1.31
71.3 / 65.1
124 / 120
154 / 71.1
27.6 / 8.76
9.99 / 2.12
2.13 / 2.48
23.5 / 29.2
16.7 / 18.0
19.5 / 15.6
4.07 / 2.25
144 / 80.4
5.62 / 4.99

ND
4.79
136
245
225
36.3
12.1
4.61
52.7
34.7
35.1
6.32
224
10.6

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

†
†
†
†
†
†
20002400
144
100
†
120
†
120
†
†
†
†
†
144
†
†
†
†
†
†

ND / ND
2.65 / 0.26
0.383 / ND
4.11 / ND
4.65 / ND
23.5 / 26.1

ND
2.91
0.383
4.11
4.65
49.7

†
†
†
†
†
†

2.47 / 7.78
1.85 / 6.38
ND / ND
ND / ND
ND / ND
2.12 / 6.98

10.25
8.23
ND
ND
ND
9.10

†
†
†
†
†
†

13.9 / 12.6
ND / ND
ND / ND
7.18 / 4.81
ND / ND
113 / 117

26.6
ND
ND
12.0
ND
230

509 / 530

1039

100

14.5 / 34.9

49.3

1000

9020 / 8250

17300

3.82 / 4.07
11.9 / 7.94
20.4 / 57.3
12.9 / 6.01
190 / 171
345 / 371
290 / 254
15.4 / 52.9
0.841 / 0.682
ND / ND
81.3 / 70.4
504 / 349
11.0 / 7.18
163 / ND
85.9 / 62.7
15.4 / 2.68
56.7 / 53.1
200 / 186

7.89
19.8
77.6
18.9
361
716
544
68.3
1.52
ND
152
853
18.2
163
149
18.1
110
386

120
†
†
120
†
60
†
†
†
†
†
120
†
†
†
†
†
†

4.02 / 11.3
2.38 / 7.57
1.82 / 6.30
3.49 / 10.1
1.98 / 6.67
3.40 / 9.87
3.82 / 10.8
ND / ND
1.80 / 6.27
ND / ND
ND / ND
1.90 / 6.50
5.75 / 17.4
8.37 / 23.3
4.45 / 14.4
5.91 / 17.7
9.07 / 24.9
32.0 / 76.5

15.3
9.95
8.11
13.6
8.66
13.3
14.6
ND
8.07
ND
ND
8.40
23.1
31.7
18.9
23.6
33.9
108

1200
†
†
1200
†
600
†
†
†
†
†
1200
†
†
†
†
†
†

9070 / 8900
136 / 121
30.3 / 57.9
13400 / 13000
41.4 / 17.9
3090 / 2870
9990 / 10100
ND / ND
9.03 / 6.83
1.46 / 3.86
167 / 172
937 / 1150
38.4 / 33.9
92.7 / 94.9
ND / 14.6
1.36 / 3.08
94.4 / 94.2
585 / 542

18000
257
88.2
26400
59.3
5960
20100
ND
15.9
5.32
339
2080
62.3
188
14.6
4.44
189
1130

The random sampling of products in the present study may indicate a lack of uniformity in
botanical natural heath products and dietary supplements such as polyphenol nutraceuticals. This
is expected given the nature of plant variability in flavonoid production as well as the lack of
standards for testing the uniformity of botanical natural health products and dietary supplements.
The lack of manufacturer analysis may be due to the limited number of validated methods of
analysis such as HPLC and LC-MS for measuring the polyphenol contents of products. Not only
were the developed LC-ESI-MS methods successfully able to assess claims of set amounts of IX,
8PN and 6PN, but they were also able to assess concentrations of IX, 8PN and 6PN in H. lupulus
plant materials and extracts incorporated into the preparations. The applied methods indicate a
lack of uniformity of these H. lupulus-containing products, making further assessment of
polyphenolic content uniformity and standardization of natural health products and dietary
supplements and claims warranted.
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The developed methods have the potential to assess the stereospecific contents of IX, 8PN
and 6PN in a wide range of nutraceuticals incorporating the flavonoids or H. lupulus plant
materials or extracts. The method can also be used to evaluate label claims of IX, 8PN and 6PN
as well as plant extract claims. Additionally, the developed methods of detection have the
potential for evaluating product stability and spontaneous conversion; specifically the potential
spontaneous conversion of 6PN to 8PN via the chalcone, desmethylxanthohumol, as reported in
the literature (6,27). Measuring flavonoid content may provide an appropriate means to monitor
botanical preparation claims and content uniformity.
The results from this study as well as analyses of other nutraceuticals indicate that
variability exists between products and manufacturers, even among products with similar
indications for use (14,15,28). Variability in the quantity and recommended dose of a bioactive
ingredient between manufacturers and formulations could prevent accurate and consistent
replication of therapeutic results obtained from clinical trials or anecdotal case reports. This
variability may result in large part from a deficit of detection methods that can allow for reliable
analysis and quantification. Studies such as this one may allow for development of new methods
of analysis than can be easily applied to the content assessment of botanical natural health
products and dietary supplements. Given the pharmacological effects, possible health benefits
and potential safety and toxicity concerns of these products, it is recommended that natural
health products and dietary supplements be correctly and accurately labeled and regulatory
procedures be adhered to for good manufacturing practices relating to standardization and
content uniformity.
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4.7 CONCLUSIONS
The developed LC-ESI-MS methods for enantiospecific analysis of IX, 8PN and 6PN are
novel, accurate, precise and reproducible. They have been successfully applied to the content
analysis of a wide variety of natural health products and dietary supplements with either IX,
8PN, or 6PN and/or H. lupulus plant material label claims. Analysis of IX, 8PN and 6PN content
indicated the expected presence of at least one of the compounds in 27 of the 28 products and all
three compounds in 23 of the 29 products. All of the six tea products (only when extracted with
methanol) were found to contain all three compounds and therefore, the importance of the
extraction sample matrix is underscored with these compounds. While IX, 8PN, and 6PN were
found in all of the preparations containing label claims, none of the products passed strict
evaluation criteria of content within 80-120% of label claims.
A complete analysis of flavonoid methods of analysis, pre-clinical and clinical
pharmacokinetics, pharmacodynamics, safety and toxicology facilitates a better understanding of
reported health benefits and optimization for clinical utility (29). A further understanding of
flavonoid enantiomeric forms would also provide comprehensive scientific information of
products containing them for more optimal public safety.

4.8 REFERENCES
1.

Stevens JF, Ivancic M, Hsu VL, Deinzer ML. Prenylflavonoids from Humulus lupulus.
Phytochemistry. 1997;44(8):1575–85.

2.

Davies NM, Teng XW. Importance of chirality in drug therapy and pharmacy practice:
implications for psychiatry. Adv Pharm. 2003;1(3):242–52.

171

3.

Nguyen LA, He H, Pham-Huy C. Chiral drugs: an overview. Int J Biomed Sci.
2006;2(2):85–100.

4.

Yáñez JA, Andrews PK, Davies NM. Methods of analysis and separation of chiral
flavonoids. J Chromatogrpahy B. 2007;848:159–81.

5.

Schaefer O, Humpel M, Fritzemeir K, Bohlmann R, Schleuning D. 8-Prenylnaringenin is
a potent ERalpha selective phytoestrogen present in hops and beer. J Steroid Biochem Mol
Biol. 2003;84:359–60.

6.

Krause E, Yuan Y, Hajirahimkhan A, Dong H, Dietz BM, Nikolic D, et al. Biological and
chemical standardization of a hop (Humulus lupulus) botanical dietary supplement.
Biomed Chromatogr. 2014;28(6):729–34.

7.

Health Canada. Natural health product tracking survey- 2010 final report [Internet]. 2010.
Available from: http://epe.lac-bac.gc.ca/100/200/301/pwgsc-tpsgc/por-ef/health/2011/13509/report.pdf

8.

Kaye AD, Clarke RC, Sabar R, Vig S, Dhawan KP, Hofbauer R, et al. Herbal medicines:
current trends in anesthesiology practice--a hospital survey. J Clin Anesth. 2000;12:468–
71.

9.

Newmaster SG, Grguric M, Shanmughanandhan D, Ramalingam S, Ragupathy S. DNA
barcoding detects contamination and substitution in North American herbal products.
BMC Med. 2013;11:222.

172

10.

Keiler AM, Zierau O, Kretzschmar G. Hop extracts and hop substances in treatment of
menopause complaints. Planta Med. 2013;79:576–9.

11.

Schiller H, Forster A, Vonhoff C, Hegger M, Biller A, Winterhoff H. Sedating effects of
Humulus lupulus l. extracts. Phytomedicine. 2006;13(8):535–41.

12.

Coldham N., Sauer M. Identification, quantitation and biological activity of
phytoestrogens in a dietary supplement for breast enhancement. Food Chem Toxicol.
2001;39(12):1211–24.

13.

Cornu C, Remontet L, Noel-Baron F, Nicolas A, Feugier-Favier N, Roy P, et al. A dietary
supplement to improve the quality of sleep: a randomized placebo controlled trial. BMC
Complement Altern Med. 2010;10:29.

14.

Sayre CL, Davies NM. Quantification of three chiral flavonoids with reported bioactivity
in selected licensed Canadian natural health products and US marketed dietary
supplements. J Pharm Pharm Sci. 2013;16(2):272–8.

15.

Remsberg CM, Good RL, Davies NM. Ingredient consistency of commercially available
polyphenol and tocopherol nutraceuticals. Pharmaceutics. 2010;2(1):50–60.

16.

Nikolić D, van Breemen RB. Analytical methods for quantitation of prenylated flavonoids
from hops. Curr Anal Chem. 2013;9(1):71–85.

17.

Kitaoka M, Kadokawa H, Sugano M, Ichikawa K, Taki M, Takaishi S, et al.
Prenylflavonoids: a new class of non-steroidal phytoestrogen (part 1). Isolation of 8-

173

isopentenylnaringenin and an initial study on its structure-activity relationship. Planta
Med. 1998;64:511–5.

18.

Milligan S, Kalita J, Pocock V, Heyerick A, De Cooman L, Rong H, et al. Oestrogenic
activity of the hop phyto-oestrogen, 8-prenylnaringenin. Reproduction. 2002;123:235–42.

19.

Kodama S, Yamamoto A, Sato A, Suzuki K, Yamashita T, Kemmei T, et al.
Enantioseparation of isoxanthohumol in beer by hydroxypropyl-γ-cyclodextrin-modified
micellar electrokinetic chromatography. J Agric Food Chem. 2007;55:6547–52.

20.

Kodama S, Kemmel T, Yamashita T, Takayanagi N. Enantioseparation of 8prenylnaringenin, a phytoestrogen, by hydroxypropyl-γ-cyclodextrin-modified micellar
electrokinetic chromatographic method. Toyama-ken Eisei Kenkyusho Nenpo.
2008;31:185–6.

21.

Martinez SE, Lakowski TM, Davies NM. Enantiospecific analysis of 8-prenylnaringenin
in biological fluids by liquid-chromatography-electrospray ionization mass spectrometry:
application to preclinical pharmacokinetic investigations. Chirality. 2014;26(8):419–26.

22.

Quifer-Rada P, Martínez-Huélamo M, Jáuregui O, Chiva-Blanch G, Estruch R, LamuelaRaventós R. Analytical condition setting a crucial step in the quantification of unstable
polyphenols in acidic conditions: analyzing prenyl flavanoids in biological samples by
liquid chromatography − electrospray ionization triple quadruple mass spectrometry. Anal
Chem. 2013;85(11):5547–54.

174

23.

Gaffield W. Circular dichroism, optical rotatory dispersion and absolute configuration of
flavanones, 3-hydroxyflavanones and their glycosides. Tetrahedron. 1970;26:4093–108.

24.

Hänsel R, Schulz J. Desmethylxanthohumol: isolierung aus hopfen und cyclisierung zu
flavanonen. Arch Pharm (Weinheim). 1988;321(1):37–40.

25.

Gagnon D, Wendakoon C, Smith R, Leker J. Stability of active constituents of hops
(Humulus lupulus) strobiles and their ethanolic extracts during storage. European J Med
Plants. 2014;4(11):1302–12.

26.

Stevens JF, Taylor AW, Clawson JE, Deinzer ML. Fate of xanthohumol and related
prenylflavonoids from hops to beer. J Agric Food Chem. 1999;47:2421–8.

27.

Stevens JF, Page JE. Xanthohumol and related prenylflavonoids from hops and beer: to
your good health! Phytochemistry. 2004;65(10):1317–30.

28.

Lockwood GB. The quality of commercially available nutraceutical supplements and food
sources. J Pharm Pharmacol. 2011;63(1):3–10.

29.

Davies NM, Yañez JA, editors. Flavonoid pharmacokinetics: methods of analysis,
preclinical and clinical pharmacokinetics, safety, and toxicology. Hoboken, NJ, USA:
John Wiley & Sons, Inc.; 2012.

175

5.

STEREOSPECIFIC PRE-CLINICAL PHARMACOKINETIC DISPOSITION OF 8PRENYLNARINGENIN

5.1 ABSTRACT
8-Prenylnaringenin (8PN) is a naturally occurring bioactive chiral prenylflavonoid found
most commonly in the female flowers of hops (Humulus lupulus L.) and present in beer and
natural health products. 8PN chirality has largely been ignored in the literature due to lack of
enantiospecific bioanalytical methods. No full, single dose pharmacokinetic characterization of
8PN exists in the literature for any species. This study elucidates the enantiospecific
pharmacokinetics of 8PN in rats using a novel, previously published and validated LC-ESI-MS
method and monitors the formation and disposition of 6-prenylnaringenin (6PN) following
intravenous and oral administration of 8PN also using a previously published and validated LCESI-MS method. After intravenous and oral administration of racemic 8PN to rats, serum and
urine were collected for 120 h and analyzed for 8PN and 6PN. 8PN was found as aglycones and
glucuronide conjugates and displayed multiple peaking in serum suggestive of enterohepatic
recycling. 8PN is primarily excreted through non-renal routes. S-8PN was found excreted in the
urine in greater amounts than R-8PN. Bioavailability was determined to be 20.2% for R-8PN and
2.47% for S-8PN. Significant differences in pharmacokinetic parameters between enantiomers of
8PN were found. Detectable concentrations of 6PN in serum and urine samples for either route
of administration were not observed and no evidence that 8PN spontaneously converts to 6Pn in
vivo was evident although previously reported, without scientific investigation, in the literature.
Further enantiospecific pharmacokinetic disposition of 8PN studies are warranted along with
continued enantiospecific bioactivity studies.
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** A version of this thesis chapter has been:
Martinez SE, Lakowski TM, Davies NM. Enantiospecific analysis of 8-prenylnaringenin in
biological fluids by liquid-chromatography-electrospray ionization mass spectrometry:
application to preclinical pharmacokinetic investigations. Chirality 2014 26(8):419-26.
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5.2 INTRODUCTION
8-Prenylnaringenin (8PN) (5,7-dihydroxy-2-(4-hydroxyphenyl)-8-(3-methyl-2-buten-1yl)-2,3-dihydro-4H-chromen-4one), C20H20O5, MW 340.37g (Figure 5.1), is a naturally
occurring prenylflavonoid with a single chiral carbon center that is most commonly associated
with the female flowers (cones) of hops (Humulus lupulus L.) (1,2). 8PN has also been described
in 21 other plants, all of which have reported ethnomedicinal uses (3). Exposure to 8PN is
primarily through the consumption of beer (4) with 8PN reported in beer at concentration ranges
from non-detectable to 240 μg/L across various styles of beer around the world (2,5–11).
Additionally, another hops prenylflavonoids, isoxanthohumol, present in beer at much higher
concentrations than 8PN, is known to be biotransformed into 8PN by human gut microbiota (12–
16) and the P450 enzyme CPY1A2 (17). Hops-containing nutraceuticals and natural products
represent another significant dietary source of 8PN, marketed for a myriad of uses including;
menopause support and hormone replacement (18), anxiety and relaxation aids (19), breast
enhancement (20), pain relief and sleep aids (21).
Figure 5.1 Chemical structure of 8-prenylnaringenin. *Denotes chiral carbon center.
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Presently, 8PN is the most potent phytoestrogen currently identified (2). In addition to
estrogenic properties, 8PN is also reported to possess anti-oxidant, anti-inflammatory, anticarcinogenic, antiangiogenic and antiosteoporotic properties (22). Little attention to the
investigation of the enantiospecific bioactive properties of 8PN has been published in the
literature. One report found similar estrogenic activities between the two enantiomers in a yeast
screen and in estrogen-responsive human endometrial Ishikawa Var-1 cells (23). Another report
using recombinant human estrogen receptor (ER)-α and ER-β from cytosolic SF9-cell extracts
found that both 8PN enantiomers displayed high affinity and selectivity for ER-α but S-8PN
exhibited an overall higher affinity for both receptors than R-8PN (24). From these two initial
studies with the individual enantiomers, it is possible that differences in 8PN enantiomer
bioactivities and deposition may exist and should be further investigated.
In addition to the lack of enantiospecific bioactivity information for 8PN in the literature,
there is a lack of information on the pharmacokinetic disposition of 8PN. At the time this thesis
research was initiated, there existed no published full pre-clinical pharmacokinetic studies with
the administration of 8PN by itself in the literature. A single oral dose pharmacokinetic study has
been conducted in postmenopausal women (25) but the analytical method employed for sample
analysis was achiral. The need to investigate the enantiospecific absorption, distribution,
metabolism and elimination properties of 8PN is apparent. Furthermore, it has been reported in
the literature that 8PN can spontaneously interconvert to 6PN in vitro through an unstable
intermediate, desmethylxanthohumol (DMX) (26,27), although these reports lacks evidence to
support it as formation of 6PN following administration of 8PN has never been followed. The
present study described the enantiospecific pre-clinical pharmacokinetic study of 8PN in rats
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following intravenous (IV) and oral (PO) administration as well as enantiospecific monitoring of
the formation of 6PN following administration of 8PN.

5.3 MATERIALS AND METHODS
5.3.1 Chemicals and reagents
Racemic 8PN analytical standard was purchased from Orgentis Chemicals GmbH
(Gastersleben, Germany). Racemic 6PN analytical standard was purchased from Cerilliant
Corporation (Round Rock, TX, USA). Carbamazepine, β-glucuronidase type IX A (βglucuronidase), PEG 400, and DMSO were purchased from Sigma-Aldrich (St. Louis, MO,
USA). HPLC-grade acetonitrile was purchased from EMD Millipore (Gibbstown, NJ, USA).
HPLC-grade 2-propanol was purchased form Alfa Aesar (Ward Hill, MA, USA). Ammonium
formate was purchased from Acros Organics (Geel, Belgium). Milli-Q water, reagent-grade,
deionized water from a Milli-Q water system was used (Millipore, Billerica, MA, USA).
5.3.2 Analytical systems and conditions
5.3.2.1 8-prenylnaringenin
A previously published, validated method for the enantiospecific detection of 8PN in
biological fluids was employed (3). Briefly, the LC-ESI-MS system used was a Shimadzu
LCMS-2010 EV mass spectrometer system connected to the LC portion consisting of two LC10AD pumps, a SIL-10AD VP auto-injector, a SPD-10A VP UV detector and a SCL-10 VP
system controller (Kyoto, Japan). Data analysis was accomplished using Shimadzu LCMS
Solutions ver. 3 software. The MS condition consisted of a curved desolvation line temperature
of 200°C and a block temperature of 200°C. The curved desolvation line, interface and detector
voltages were -20.0 V, 4.5 kV and 1.2 kV, respectively. Vacuum was maintained by an Edwards
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E2M30 rotary vacuum pump (Edwards, UK). Nitrogen was used as a source of nebulizer gas (1.5
L/min) from a Parker Balston NitroFlow 60 NA nitrogen generator (Parker Hannifin, Haverhill,
MA, USA).
The analytical column used was an amylose tris (3,5-dimethyl-phenylcarbamate) coated
silica-gel Chiralpak® AD-RH (5 μm, 150 x 4.6 mm) (Chiral Technologies, West Chester, PA,
USA). The mobile phase consisted of 2-propanol and 10 mM ammonium formate (pH 8.5)
(40:60, v/v) that was filtered and degassed under reduced pressure prior to use. Separation was
carried out isocratically at ambient temperature (23 ± 1°C) with a flow rate of 0.7 mL/min.
Carbamazepine was used as the internal standard. Both enantiomers of 8PN were monitored in
SIM negative mode with single plot transition at m/z 339.15; internal standard positive SIM m/z
237.15. For LC monitoring, absorbance was measured at 291 nm.
5.3.2.2 6-Prenylnaringenin
A previously published and validated enantiospecific method of analysis for 6PN was
employed (28). Briefly, the same LCMS system as described above was used. Mass spectrometer
conditions consisted of a curved desolvation line temperature of 250°C and a block temperature
of 200°C. The curved desolvation line, interface and detector voltages were -20.0 V, 4.5 kV and
1.2 kV, respectively. Nitrogen was used as a nebulizer gas using the same nitrogen generator
previously described. The same Chiralpak® AD-RH as described above was employed. The
mobile phase consisted of acetonitrile and 10 mM ammonium formate (pH 8.5) (39.61, v/v) that
was filtered and degassed under reduced pressure prior to use. Separation was carried out
isocratically at ambient temperature (23 ± 1°C) with a flow rate of 1.25 mL/min. Carbamazepine
was used as the internal standard. Both enantiomers of 6PN were monitored in SIM negative ion
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mode with single plot transition at m/z 339.10. The internal standard was monitored in positive
SIM m/z 237.15. For LC monitoring, absorbance was measured at 291 nm.
5.3.3 Animals
Surgically modified, exposed jugular vein catheterized (polyurethane-silastic blended
catheter), adult male Charles River CD (Sprague-Dawley) rats (approximately 340 g) (Charles
River Laboratories, St. Constant, Quebec, Canada) were used for the pharmacokinetic
experiments. Animals were provided free access to food and water upon arrival to the animal
care facility and were housed in alternating 12 h cycles of light and dark in a temperature- and
humidity-controlled room. Animal ethics approval was obtained from the Office of Research
Ethics and Compliance at the University of Manitoba (protocol 11-064).
5.3.4 Pharmacokinetic studies
Animals were placed in metabolic cages 12 h prior to the experiment and fasted but
provided free access to water. On the day of the experiment the animals were administered either
a single IV bolus (10 mg/kg of racemic 8PN in 98% PEG 400 and 2% DMSO, n = 7) or
intragastric dose (100 mg/kg of racemic 8PN in 98% PEG 400 and 2% DMSO, n = 8). Animals
were allowed food and water ad libitum 2 h following dosing and for the duration of the
experiment. A series of blood samples (0.3 mL) were collected at 0, 1, 15 and 30 min, 1, 2, 4, 6,
12, 24, 48, 72, 96 and 120 h post IV dose and 0, 15 and 30 min, 1, 2, 4, 6, 12, 24, 48, 72, 96 and
120 h post PO dose. The cannulas were flushed with 0.3 mL 0.9% sterile physiological saline
after each collection and the dead volume of the cannula was replaced with sterile heparin/50%
dextrose catheter lock solution (SAI Infusion Technologies, Strategic Applications, Lake Villa,
IL, USA) as per the technical sheet supplied with the animals from Charles River (29).
Following centrifugation of the blood samples, serum was removed and stored at -20°C until
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further analysis. Urine was collected over the intervals 0-2, 2-6, 12-24, 24-48, 48-27, 72-96 and
96-120 h post-dose and stored at -20°C until further analysis.
5.3.5 Treatment of pharmacokinetic samples
Pharmacokinetic urine and serum samples were collected and separated into two sets of
microcentrifuge tubes (total and free) with 100 μL in each. To the total samples, 20 μL of βglucuronidase (500 U/mL in 6.8 pH phosphate buffer) was added and incubated for 2 h at 37°C
(30). To all samples except 0 h, 30 μL of the internal standard was added along with 1.0 mL of
cold acetonitrile (-20°C) to precipitate proteins. The samples were vortex and centrifuged at
14,000 rpm for 5 min. The supernatants were transferred to new microcentrifuge tubes and
evaporated to dryness using a Savant SPD1010 SpeedVac Concentrator. The residues were
reconstituted with 200 μL of mobile phase, vortexed and centrifuged at 14,000 rpm for 5 min.
The supernatant was transferred to HPLC vials and 10 μL were injected into the LC-ESI-MS
system.
β-Glucuronidase cleaves the sugar moiety from to the parent compound (aglycone) that
has undergone glucuronidation. The samples that underwent enzymatic hydrolysis, total samples
(glucuronide metabolites and aglycones), were used to determine the amount of 8PN and 6PN
enantiomers glucuronidated. The samples that did not undergo enzymatic hydrolysis (free
samples) were used to determine the amount of 8PN and 6PN enantiomers existing as aglycones
(31,32). The glucuronide concentrations of each 8PN and 6PN enantiomer were determined by
calculating the difference between the total and the free sample concentrations.
The quantification of pharmacokinetic sample concentrations was based on calibration
curves constructed using the peak area ratio of the enantiomers of 8PN and 6PN to the internal
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standard, against the concentrations of 8PN and 6PN enantiomers using unweighted least squares
linear regression.
5.3.6 Pharmacokinetic analysis
Pharmacokinetic samples were analyzed using Phoenix WinNonlin software (ver. 6.3;
Certara, St. Louis, MO, USA) to calculate the pharmacokinetic parameters. The concentration
time points of the animals were subjected to non-compartmental modeling. The free
concentrations of 8PN were used for modeling. The apparent decomposition rate constants (KE)
were estimated from the slopes of the log-linear phases of the serum and urine concentration vs.
time plots. The half-lives and rates of elimination were determined by applying the previously
described software with the specified parameters. The plasma and urine half-lives (t1/2) were
determined using the following equation: t1/2 = 0.693/KE. To determine the fractions of
unchanged R- and S- IX excreted in the urine (fe), the total amount of urine was divided by the
total dose of each enantiomer administered. The renal clearances (CLrenal) were determined by
the equation: CLrenal = fe x CLtotal and hepatic clearances were determined by the equation:
CLhepatic = CLtotal – Clrenal, assuming that non-renal clearance is hepatic clearance. Bioavailability
(% F) was calculated by pairing IV and PO-dosed animals together based on body weight.
Bioavailability was calculated by the following equation % F= [(Dose IV x Area Under the Curve
PO)/(Dose PO x

Area Under the Curve IV) x100]. Statistical differences between the

pharmacokinetic parameters of enantiomers were determined through the use of unpaired
student’s t-test with a value of P < 0.05 being considered statistically significant (Sigma Plot,
ver. 11.0, Systat Software, Inc., San Jose, CA, USA).
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5.3.7 Assessment of renal electrolytes and enzyme
To assess the renal safety of the IV and PO doses, urine samples from the
pharmacokinetic experiments were analyzed for electrolyte and N-acetyl-β-D-glucosaminidase
(NAG) concentrations. Urine sodium and potassium concentrations of the pharmacokinetic
samples were measured using a Medica EasyRA automated clinical chemistry analyzer (Medica
Corporation, Bedford, MA, USA). NAG was measured using an assay kit for clinical chemistry
analyzers (ALPCO Diagnostics, Salem, NH, USA, cat. No. 73-1290050) on the Medica EasyRA.
Electrolyte and NAG measurements were performed in triplicate. Electrolytes were assessed in
mmol/L and NAG was assessed as U/L. Urinary excretion rates were determined using an
equation, C x V x 100/T x W, where C is the detected concentration (μmol/L for electrolytes and
U/L for NAG) in the urine samples, the total urine volume collected in mL (V), collection time
in min for electrolytes and h for NAG, and the body weight of the animal in grams (W) (33).
Urinary excretion rates were described as μmol/min/100 g body weight (B.W.) for the
electrolytes and U/H/100 g B.W. for NAG. All urine samples through 120 h post-dose were
compared to the 0 h sample (baseline) to assess significant changes in electrolyte and NAG
excretion rates. The rates of both routes of administration at the same post-dose time were also
compared. Time points were compared using of unpaired student’s t-test with a value of P < 0.05
being considered statistically significant (Sigma Plot, ver. 11.0, Systat Software, Inc., San Jose,
CA, USA).
5.3.8 Data analysis
Compiled data were presented as mean and standard error of the mean (mean ± SEM),
Where possible, the data were analyzed for statistical significance using Sigma Plot, ver. 11.0
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(Systat Software, Inc., San Jose, CA, USA). Student’s t-test was employed for unpaired samples
with a value of P < 0.05 considered statistically significant.

5.4 RESULTS AND DISCUSSION
5.4.1 Assessment of renal electrolytes and enzyme
To insure that the doses administered to the animals did not cause adverse acute renal
changes, parameters of renal safety were assessed. Clinically, flavonoids have been reported to
induce acute renal toxicity upon a large single dose as well as chronic low doses through uptake
by, accumulation in and subsequent damage to the renal tubules (34). Furthermore, many
flavonoids have been shown to possess the ability to inhibit cyclooxygenase (COX) -1 and -2
activity and therefore may possess non-steroidal anti-inflammatory drug (NSAID) –like activity
(35). Decreased urinary electrolyte excretion, specifically sodium and potassium, is a
predominant NSAID-related renal side-effect connected to decreased prostaglandin formation
which requires COX activity for its formation (33,36).
Figure 5.2 displays the urinary electrolyte and NAG excretion rates for both IV and POdosed rats during the course of the experiment. Baseline potassium excretion rates were 4.06 ±
1.02 and 3.47 ± 0.624 μmol/min/100g B.W. for IV and PO routes, respectively (Figure
5.2A).The rates of urinary potassium excretion did not significantly differ (P > 0.05) from the
baselines throughout the study for either route of administration with the exception of PO-dosed
rats at 72 h post-dose. Significant differences between routes of administration were observed at
12 h and 72 h post dose (P < 0.05) where potassium administration was found to be lower for
rats dosed PO. Baseline sodium excretion rates were observed to be 1.35 ± 0.165 μmol/min/100
g B.W. for IV dosed-animals and 1.17 ± 0.192 μmol/min/100 g B.W. for PO dosed-animals
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(Figure 5.2B). Sodium excretion rates were found to be significantly elevated from baseline at 2
h and 24 h post-dose for IV dosed rats (P < 0.05) and significantly decreased from baseline at
72-120 h post-dose for PO dosed rats (P < 0.05). Significant differences in sodium excretion
rates between the two routes of administrations were observed at 2, 72 and 96 h post-dose (P <
0.05).
Early renal injury is poorly detected in rats using traditional methods to determine
nephrotoxicity such as serum creatinine and blood urea nitrogen (37). NAG, a lysosomal enzyme
found at high concentrations in the epithelial cells of the proximal tubules, is commonly used to
detect early renal tubular damage resulting from drug-induced nephrotoxicity in rats (37).
Baseline NAG excretion rates were recorded at 0.00759 ± 0.000759 U/h/100 g B.W. for IVdosed rats and 0.00155 ± 0.000768 U/h/100 g B.W for PO-dosed rats (Figure 5.2C). The rates of
urinary NAG excretion did not significantly differ from the baselines throughout the study for
either routes of administration nor where there any significant differences in rates of urinary
NAG excretion between the two routes of administration when compared at the same post-dose
time points (P > 0.05).
Electrolyte and NAG urinary excretion rates indicate that acute renal injury likely did not
occur following a single IV bolus of 10 mg/kg 8PN or single PO dose of 100 mg/kg 8PN. While
potassium excretion rates were found to be significantly lower from baseline for PO-dosed rats at
72 h, no other time points were found to be significantly different from baseline and therefore,
the decreased rate of excretion is thought to be transient. Sodium excretion was found to be
significantly lowered from baseline for PO dosed rats during the last 48 h of the study. However,
earlier decreases in sodium excretion rates were not observed and at 120 h post dose, there was
no significant difference between sodium excretion rates for both routes of administration. Thus,
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the decreased rates of sodium excretion in PO-dosed rats are also thought to be transient. NAG
excretion rates were not found to be significantly increased from baseline for either IV or POdosed rats. Physiological disruption to the study from altered renal function was unlikely to have
occurred and no differences in urine output were noted.
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Figure 5.2 Urinary excretion rates of: A) Potassium by IV and PO doses of 8PN from 0 h
(baseline) through 120 h post-dose; B) Sodium by IV and PO doses of 8PN from 0 h (baseline)
through 120 h post-dose; and C) NAG by IV and PO doses for 8PN from 0 h (baseline) through
120 h post-dose. Data expressed as mean ± SEM; n = 7 for IV administration and n = 8 for PO
administration. *Indicates significant difference from baseline (P < 0.05). †Indicates significant
difference between routes of administration at the same post-dose time (P < 0.05).
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5.4.2 Enantiospecific pharmacokinetic of 8-prenylnaringenin
The LC-ESI-MS method was successfully applied to the enantiospecific determination and
quantification of 8PN in rat serum and urine in a pharmacokinetic study and standard curves
established linearity over the concentration range studied for the serum and urine samples. Prior
to the initiation of this study, not only was there no previously published full single dose preclinical pharmacokinetic study of 8PN in the literature, there were also no previously published
studies or information on the enantiospecific pharmacokinetics of 8PN or the monitoring of the
appearance of 6PN following administration of 8PN in the serum and urine. Total samples
(incubated with β-glucuronidase from E. coli type IX-A) verified the presence of at least one
glucuronidated metabolite of 8PN based on the increase in 8PN (aglycone parent compound)
concentration after enzymatic hydrolysis in both serum and urine. Glucuronidation of 8PN
parallels previous rat and human microsome studies of the hops prenylchalcone, xanthohumol
(XN) (38).
5.4.2.1 Intravenous administration
Following IV administration of racemic 8PN (10 mg/kg), the serum and urine
dispositions were examined (Figure 5.3A and Figure 5.4A, B). The serum concentration-time
profile for IV dosed racemic 8PN demonstrates a rapid decline of the parent enantiomer
concentrations in the first hour, representing the distribution phase, which was followed by a
steady elimination up to 12 h, after which the serum concentrations fell below detectable
concentrations (0.01 μg/mL). A secondary peak was observed at 2 h post dose for both aglycone
enantiomers. Neither aglycone enantiomer significantly predominated in the serum. The serum
concentration-time profiles for the glucuronidated metabolite of each enantiomer differed from
those of the parent compounds. Formation of the glucuronidated metabolites is rapid as they
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were detected within one minute post-dose in the serum. A secondary peak for the S-8PN
glucuronide was observed at 1 h post-dose whereas the secondary peak for the R-8N glucuronide
was observed at 6 h post-dose. After 12 h post-dose, concentrations of both glucuronide
metabolites fell below detectable limits. As with the parent compounds, no glucuronidated
metabolite enantiomer predominated over the other in serum.
Prior to the initiation of this research, serum disposition of IV 8PN had not been
previously reported in the literature. Legette et al. reported serum disposition of total XN
(aglycone and conjugated metabolites) following IV administration of 1.86 mg/kg to 12 SpragueDawley rats without differentiation of their serum concentration time curves (27). While
aglycones and glucuronidated concentration of XN are not differentiated in the XN time-curve,
the overall shape of the plot is similar to that of 8PN. However, XN is reported to be detected for
up to 96 h post-IV dose in the serum whereas 8PN fell below detectable concentrations 12 h
post-dose for both the aglycones and glucuronidated forms. The limit of detection for XN for the
employed bioanalytical method of analysis is not reported by Legette et al. nor was any
information provided on the method’s sensitively, accuracy or reproducibility. A secondary peak
is reported in the XN serum-concentration time curve at 72 h and while secondary peaks
occurred between 1 and 6 h post-dose for 8PN aglycones and glucuronidated metabolites.
Multiple peaking is often indicative of enterohepatic recirculation, which is common in
polyphenol pre-clinical pharmacokinetic disposition (32,39).
Both enantiomers of 8PN as well as the glucuronidated metabolites were detected in the
urine. The total urinary excretion plot (Figure 5.4A) indicated that both enantiomers of 8PN are
predominately excreted as the aglycone. Both the aglycones and glucuronidated metabolites
appeared to be mostly excreted by 12 h post-dose but steadily increased even at 72 h post-dose.
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Disposition appears to be significantly different between aglycone enantiomers with S-8PN
predominating in excretion of R-8PN with total S-8PN urinary excretion more than double that of
R-8PN (21.4 μg S-8PN to 10.0 μg R-8PN). While the S-8PN glucuronide metabolite
predominated in excretion over the R-8PN glucuronide metabolite, it was not statistically
significant. The rate of urinary excretion plot (Figure 5.4B) indicates that the 8PN aglycones and
glucuronides have different changes in rates of excretion as indicated by the lack of parallel
slopes in the elimination phase. The aglycones are eliminated at a greater rate than the
metabolites for the duration of the study. Substantial differences in rate of urinary excretion
between enantiomers on the aglycone form were found over the first 24 h post-dose but no
significant differences were found in rate of urinary excretion between the glucuronide
metabolite enantiomers.
As previously mentioned, prior to the initiation of this research, there have been no
single-dose IV pharmacokinetic studies of 8PN in the literature for any species and therefore no
urinary disposition has been recorded in the literature.
Table 5.1 summarizes the pharmacokinetic parameters exhibited by the free
(unconjugated aglycone) enantiomers of 8PN following an IV dose of 10 mg/kg of racemate.
The total serum clearances for R- and S-8PN were determined to be 0.414 ± 0.117 and 0.357 ±
0.096 L.h.kg, respectively, for IV administration. The mean fraction excreted unchanged in the
urine (fe) for R-8PN was 0.578 ± 0.145 and 1.24 ± 0.334% for S-8PN indicating that both
enantiomers are excreted almost exclusively via non-renal routes. Renal clearance (CLrenal) was
determined to be 0.0020 ± 0.0005 L/h/kg for R-8PN and 0.0038 ± 0.0010 L/h/kg for S-8PN.
Hepatic clearance (CLhepatic = CLtotal – Clrenal) was determined to be 0.412 ± 0.007 L/h/kg for R8PN and 0.353 ± 0.096 for S-8PN, assuming that non-renal clearance is hepatic clearance.
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Volumes of distribution (Vd) for R-8PN and S-8PN were determined to be 1.25 ± 0.534 and 1.31
± 0.636 L/kg, respectively. Both enantiomers had volumes of distribution nearly two times
greater than total body water of the rat, 0.7 L/kg (40), suggesting that the enantiomers, when
administered intravenously, are distributed throughout the body. The mean area under the curve
(AUC), representing the total amount of exposure of prenylflavonoid in the serum over time, was
18.3 ± 4.78 and 20.4 ± 4.97 μg*h/mL for R- and S-8PN, respectively. The serum half-lives of the
enantiomers were found to be 3.92 ± 1.73 h for R-8PN and 4.24 ± 2.00 h for S-8PN. Urine halflives of the enantiomers were found to be significantly different from each other (P < 0.05). The
urine half-life of R-8PN (74.4 ± 16.5 h) was found to be four times greater than the urine half-life
of S-8PN (18.3 ± 3.59). No other IV pharmacokinetic parameters of the enantiomers were found
to be significantly different from one another.
No IV pharmacokinetic studies for 8PN exist in the literature and the parameters reported
by Legette et al. for XN (1.86 mg/kg) administered IV to 12 rats were calculated using total
concentrations (aglycone and metabolite) instead of free concentrations (aglycone) (27).
Therefore, comparing the parameters may be inappropriate as the concentration time curve for
total concentrations may be very different from that of free concentrations which would obscure
the pharmacokinetic parameters.
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Figure 5.3 Concentrations of R- and S-8PN and glucuronidated metabolites in rat serum
following: A) IV administration of racemic 8PN (10 mg/kg) and; B) PO administration of
racemic 8PN (100 mg/kg). Data expressed as mean ± SEM; n = 7 for IV administration and n = 8
for PO administration.
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Figure 5.4 A) Total cumulative amount of R- and S-8PN and glucuronidated metabolites in urine
over 120 h after IV administration of racemic 8PN (10 mg/kg, n = 7); B) Rate of excretion of Rand S-8PN and glucuronide metabolites in urine over 120 h after IV administration of 8PN (10
mg/kg, n = 7); C) Total cumulative amount of R- and S-8PN and glucuronidated metabolites in
urine over 120 h after PO administration of racemic 8PN (100 mg/kg, n = 8); and D) Rate of
excretion of R- and S-8PN and glucuronidated metabolites in urine over 120 h after PO
administration of racemic 8PN (100 mg/kg, n = 8). Data expressed as mean ± SEM.
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Table 5.1 Stereospecific pharmacokinetic parameters of 8-prenylnaringenin in the rat. Data
presented as mean ± SEM; n = 7 for IV administration and n = 8 for PO administration.
*Denotes significant difference (P < 0.05) between R- and S- parameters.
Pharmacokinetic
Parameter
AUCinf (μg*h/L)
Vdβ (L/kg)
ƒe (%)
CLtotal (L/h/kg)
CLrenal (L/h/kg)
CLhepatic (L/h/kg)
t1/2 (h) serum
t1/2 (h) urine
MRT (h)
Bioavailability (%)

Intravenous (mean ± SEM)

Oral (mean ± SEM)

R-8-Prenylnaringenin

S- 8-Prenylnaringenin

R-8-Prenylnaringenin

S- 8-Prenylnaringenin

18.3 ± 4.78
1.25 ± 0.534
0.578 ± 0.145
0.414 ± 0.117
0.0020 ± 0.0005
0.412 ± 0.007
3.92 ± 1.73
74.4 ± 16.5*
1.99 ± 1.08
-

20.4 ± 4.97
1.31 ± 0.636
1.24 ± 0.334
0.357 ± 0.096
0.0038 ± 0.0010
0.353 ± 0.096
4.24 ± 2.00
18.3 ± 3.59*
2.34 ± 1.24
-

25.8 ± 9.69*
135 ± 22.0
0.280 ± 0.153
9.54 ± 5.64
0.0166 ± 0.00828
9.52 ± 5.64
4.11 ± 1.43
43.4 ± 14.4
65.4 ± 21.0
20.2 ± 5.73*

2.82 ± 0.688*
191 ± 47.1
0.718 ± 0.324
28.6 ± 7.02
0.238 ± 0.181
28.4 ± 6.92
9.85 ± 4.61
32.0 ± 10.9
18.0 ± 8.84
2.47 ± 0.983*

5.4.2.2 Oral administration
Following PO administration of racemic 8PN (100 mg/kg), the serum and urine
dispositions were examined (Figure 5.3B and Figure 5.4C). The serum concentration-time profile
for PO administration indicates the average time to reach maximal serum concentration (Tmax)
was 2.15 ± 1.43 h for R-8PN and 0.594 ± 0.206 h for S-8PN. The highest concentrations of 8PN
observed in serum (Cmax) following dosing were 0.472 ± 0.0267 μg/mL for R-8PN and 0.382 ±
0.0432 μg/mL for S-8PN. The glucuronidated metabolites appeared rapidly within 15 minutes
post-dose along with the parent aglycones. 8PN enantiomers were detected at higher
concentrations as glucuronidated metabolites in the serum than the aglycones. After 30 min postdose, the parent compounds began to decline and fell below detectable concentrations after 24 h
post-dose. The dispositions of the two aglycone enantiomers appear to be different. While S-8PN
concentrations steadily declined after reaching Cmax through 24 h, R-8PN was found to have two
secondary peaks at 2 h and 6 h post-dose. Substantial differences in serum concentrations of the
two aglycone enantiomers was observed between 4 and 12 h post-dose with R-8PN observed at
greater concentrations that S-8PN. The Tmax values for the glucuronidated metabolites were
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observed at 2 h post-dose for both enantiomers and secondary peaking was observed at 6 h post
dose. After 6 h post-dose, concentrations of the glucuronide metabolites decreased through 24 h,
after which concentrations fell below detectable limits. The dispositions of the two enantiomer
glucuronide metabolites are very similar and there were no substantial differences in
concentrations observed between the two enantiomers.
One clinical study exists in the literature of single dose-8PN pharmacokinetics in postmenopausal women (25). Rad et al. administered doses of 50, 250 or 750 mg of 8PN following
an overnight fast to 6 subjects per dosage. Subjects were allowed food 4 h hours after dosing.
Blood was collected at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 16, 24 and 48 h post-dose and urine was
collected at 0, 0-8 h, 8-16 h and 16-24 h post-dose (25). Rad et al. used free concentration of
8PN (aglycone parent compound) for their serum-concentration time curves and pharmacokinetic
modeling but used an achiral method of analysis and thus did not distinguish between
enantiomers. The serum concentration-time curves of the 3 doses of 8PN in postmenopausal
women are similar in shape to the serum concentration-time curve in Figure 5.3B and a showed
clear dose linearity. Rad et al. reports a secondary peak occurring at 7-10 h post-dose in all three
concentrations of 8PN which they attributed to enterohepatic recirculation (25). The R-8PN
aglycone and the R- and S-8PN glucuronides had a secondary peak at 6 h post dose. Rad et al.
attributes the timing of their secondary peaks, around 8 h post-dose, to gall bladder emptying
following food administered to subjects 4 h post dose (25). Rats were given food 2 h post dose
and thus, this likely explains why secondary peaks occurred 2 h earlier than observed in humans.
It is of interest to note that only the R-8PN aglycone enantiomer displayed multiple peaking and
thus, the importance of enantiospecific monitoring is emphasized as achiral methods can obscure
enantiomeric differences in disposition. Rad et al. reports Tmax values of free 8PN in humans to
197

range between 1.0 ± 0.5 h and 1.5 ± 0.8 h depending on dose administered (25). These Tmax
values are similar to the values determined in rats for R-8PN (2.13 ± 1.43 h) and S-8PN (0.594 ±
0.206 h). The short Tmax values in humans and rats indicate that 8PN is rapidly absorbed from the
upper gastrointestinal tract.
Both enantiomers of 8PN as well as the glucuronidated metabolites were detected in the
urine following PO administration. The total urinary excretion plot (Figure 5.4C) indicated that
8PN is predominately excreted as the S-8PN aglycone and glucuronidated metabolite. Both the
aglycones and glucuronidated metabolites appear to be mostly excreted by 24 h post-dose.
However, concentrations of the aglycones and glucuronide metabolites steadily increased even at
120 h post-dose with a sharper increase in aglycone excretion between 72 and 96 h post-dose.
While the S-8PN aglycone and glucuronidated metabolites appear to predominate over the R8PN aglycone and glucuronidated metabolite, the differences are not significant. The rate of
urinary excretion plot (Figure 5.4D) indicates that R- and S-8PN aglycones and glucuronides
metabolites do not have similar changes in rates of excretion as indicated by the lack of parallel
terminal elimination slopes. The rate is greatest for both aglycones within 6 h post dose.
Through 120 h post-dose, the S-8PN aglycone is excreted at a greater rate that R-8PN, however
the difference in rates of excretion between the two aglycones is not statically significant. The
maximum rate of excretion for both glucuronidated metabolites is reached at 6 h post-dose after
which the rates gradually decrease through 120 h post-dose. Like the aglycones, the S-8PN
glucuronide conjugate is excreted at greater rates than the R-8PN conjugate, although not
significantly. After 12 h post-dose, the R-8PN aglycone and glucuronide conjugate have similar
change in rates of excretion as indicated by their parallel slopes and after 48 h post-dose, the S-
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8PN aglycone and glucuronide conjugate also have similar changes in rates of excretion also
indicated by parallel slopes.
8PN disposition in the urine has not previously been reported in the literature prior to the
initiation of this research. Rad et al. collected a urine sample from subjects prior to the start of
the experiment then 3 samples through a 24 h period following single-dose administration of
8PN (25). Rad et al. reports that 8PN was excreted in the urine primarily as conjugated
metabolites in post-menopausal women regardless of dose (25). In this study, it was found that
50.3% of R-8PN in the urine was found as a glucuronide conjugate and 54.4% of S-8PN found in
the urine was in the form of a glucuronide conjugate. Rad et al. suggests that total percentage of
the dose conjugated decreases as the dose increases as indicated by the lower proportion of the
dose found in urine as a conjugated metabolite at higher doses (25). Rats received 100 mg/kg of
racemic 8PN, which is substantially higher than doses administered to humans in the 8PN study
carried out by Rad et al. Rad et al. did not disclose the average weight of subjects but assuming
that the average weight of an adult human is 70 kg, the study administered 0.004-10.7 mg/kg
8PN. Assuming lack of species differences in pharmacokinetic disposition and that high doses
could result in decreased conjugation, then it would be expected to find a lower percentage of
8PN in the urine in the form of conjugated metabolites and an increased percentage of 8PN in the
urine in aglycone form at 100 mg/kg in the rat.
Table 5.1 summarizes the pharmacokinetic parameters exhibited by the free
(unconjugated aglycone) enantiomers of 8PN following a PO dose of 100 mg/kg racemic 8PN.
The total serum clearance of R- and S-8PN was determined to be 9.54 ± 5.64 and 28.6 ± 7.02
L/h/kg, respectively, for PO dosing. The mean fraction excreted unchanged in the urine (fe) for
R-8PN was 0.280 ± 0.153% and 0.718 ± 0.324% for S-8PN indicating that both enantiomers are
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excreted predominately via non-renal routes. Renal clearance (CLrenal) was determined to be
0.0166 ± 0.00828 L/h/kg for R-8PN and 0.238 ± 0.181 L/h/kg for S-8PN. Hepatic clearance
(CLheaptic = CLtotal – Clrenal) was determined to be 9.52 ± 5.64 for R-8PN and 28.4 ± 6.92 for S8PN, assuming that non-renal clearance is hepatic clearance. Volumes of distribution for R-8PN
and S-8PN were determined to be 135 ± 22.0 and 191 ± 47.1 L/kg, respectively. R- and S-8PN
had volumes of distribution more than 190 and 270 time greater than total body water of the rat,
respectively, suggesting that the enantiomers, when dosed PO, are highly distributed into tissues.
The mean area under the curve (AUC), representing the total amount of exposure in the serum
over time for the two enantiomers was found to be significantly different (P < 0.05). Exposure to
R-8PN (25.8 ± 9.69 μg*h/L) was found to be greater than exposure to S-8PN (2.82 ± 0.688
μg*h/L). The oral bioavailabilities of R- and S-8PN were also found to be significantly different
from one another (P < 0.05). R-8PN was found to have an oral bioavailability greater than 8
times that of S-8PN (20.2 ± 5.73% and 2.47 ± 0.983%, respectively). The serum concentrations
of R- and S-8PN declined rapidly following PO administration with a mean elimination half-life
of 4.11 ± 1.43 and 9.85 ± 4.61 h, respectively. The half-lives on the enantiomers in the urine
were found to be 43.4 ± 14.4 h for R-8PN and 32.0 ± 10.9 h for S-8PN. No other PO
pharmacokinetic parameters for the enantiomers were found to be significantly different form
one another.
Rad et al. did not calculate serum half-life as the research group felt that secondary peaks
in the serum concentration-time curves hindered the calculations despite their intention to use
non-compartmental modeling (25), which is advisable to use when multiple peaking is observed
over compartmental models (41,42). The only other report of absolute bioavailability for related
prenylflavonoids from hops in the literature at the writing of this thesis was for the chalcone,
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XN, in rats. Bioavailability was reported to be between 11-33%, although pharmacokinetic
calculations were performed using total (aglycone and conjugate) concentrations which may
have skewed pharmacokinetic parameters (27).
5.4.3 Enantiospecific detection of 6-prenylnaringenin following intravenous and oral
administration of 8-prenylnaringenin
A previously published, validated method for enantiospecific detection of 6PN (43) was
applied to the determination and quantification of R- and S-6PN in rat serum and urine following
IV (n =3) and PO (n = 4) administration of racemic 8PN. 6PN was not found at detectable
concentrations in any serum or urine pharmacokinetic samples following either IV or PO
administration of 8PN. While it has been previously reported, unfoundedly, by another research
group in two publications (27,44) that 8PN can spontaneously and reversibly convert into 6PN
via the unstable prenylchalcone intermediate, DMX, no detectable concentrations of 6PN were
found in this study. It is unlikely that 8PN spontaneously converts into 6PN in vivo; we found no
evidence of instability of 8PN under physiological conditions.

5.5 CONCLUSIONS
A pre-clinical study of the enantiospecific pharmacokinetics disposition of 8PN in rats
was carried out. Not only is this the first full pharmacokinetic study of 8PN in the literature but
also the first study to monitor for the spontaneous conversion of 8PN to 6PN in vivo. This is also
the first study to report enantiospecific pharmacokinetic disposition of 8PN. The doses
administered were found to be well tolerated and did not appear to alter renal function by
inducing changes in renal electrolytes or a proximal tubular biomarker of early renal damage.
Multiple peaking observed in the serum is consistent with a report in humans in the literature as
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well as other reports for similar compounds in rats and humans. The rat appears to be a good
model for pharmacokinetic study in humans for hops polyphenols based on similarity of
disposition, specifically for oral administration. Absolute bioavailability of 8PN was determined
to be low, between 2.47% (S-8PN) and 20.2% (R-8PN). Other differences in pharmacokinetic
parameters and disposition were observed for 8PN for both IV and PO dosing. Urine half-life
was found to be significantly different (P < 0.05) between R- and S- enantiomers with R-8PN
having a urine half-life 4 times longer than S-8PN following intravenous administration. The
AUCs of R- and S-8PN were found to be significantly different from each other (P < 0.05) with
R-8PN having a larger AUC following PO administration and subsequently, the absolute
bioavailabilities between the two enantiomers were also found to be significantly different (P <
0.05). S-8PN was found to be the enantiomer predominately excreted in urine following both
routes of administration. When 8PN pharmacokinetic samples were analyzed for 6PN, it was not
found at detectable concentrations. It is unlikely that 8PN spontaneously converts to 6PN in vivo.
Additional experimental and clinical investigations to further characterize the enantiospecific
pharmacokinetics, pharmacological and toxicological activities of 8PN are warranted given the
pharmacokinetic disposition differences uncovered in these experiments.
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6.

ENANTIOSPECIFIC PHARMACOKINETIC STUDY OF ISOXANTHOHUMOL IN
THE RAT

6.1 ABSTRACT
Isoxanthohumol (IX) is a bioactive dietary prenylflavanone found in hops (Humulus lupulus L.),
beer and nutraceuticals. IX is formed in vivo by xanthohumol and is a prodrug of 8prenylnaringenin (8PN). IX and 8PN chirality has largely been ignored in the literature due to
lack of enantiospecific bioanalytical methods. No single dose pharmacokinetic study of IX exists
in the literature for any species. This study elucidates the enantiospecific pharmacokinetics of IX
in rats and monitors the appearance of 8PN following intravenous and oral administration of
±IX. After intravenous (10 mg/kg) or oral (100 mg/kg) administration of ±IX to rats, serum and
urine were collected for 120 h and analyzed for IX and 8PN. Both were found as aglycones and
glucuronide conjugates and displayed multiple peaking in serum suggestive of enterohepatic
recycling. IX is primarily excreted through non-renal routes. S-8PN was found excreted in the
urine in greater amounts than R-8PN. Bioavailability was determined to be ~4-5% for IX.
Further enantiospecific pharmacokinetics of IX, subsequent 8PN and other metabolites are
warranted along with continued enantiospecific bioactivity studies, especially in relation to gut
microbial metabolism of IX and subsequent formation of 8PN.
** A version of this thesis chapter has been accepted for publication and published online ahead
of print:
Martinez SE, Davies NM. Enantiospecific pharmacokinetics of isoxanthohumol and its
metabolite 8-prenylnaringenin in the rat. Molecular Nutrition and Food Research. 2015;
59(9):1674-89.

210

6.2 INTRODUCTION
Isoxanthohumol (IX) (Figure 6.1) is a prenylated flavonoid containing a single chiral
carbon center. IX is found in the female flowers (cones) of hops (Humulus lupulus L.) as a minor
flavonoid constituent (1). However, during the beer making process, xanthohumol (XN), the
corresponding chalcone to IX constituting 80-90% of the total prenylated flavonoids in hops, is
almost entirely (98%) thermally isomerized to IX in the brew kettle (2). Therefore, beer
represents the single greatest dietary source of IX, making up the vast majority of the 0.14
mg/day prenyflavonoids the average United States citizen consumes from beer (3). Additionally,
hops-containing nutraceuticals and dietary supplements marketed for menopause support and
hormone replacement, anxiety and relaxation aids, breast enhancement, pain relief and sleep aids
(4), also represent a significant source of IX both for their content of IX and because in vivo, XN
undergoes acid-catalyzed cyclization to IX under the acidic conditions in the upper
gastrointestinal tract (5).
Figure 6.1 Chemical structure of isoxanthohumol. *Denotes chiral carbon center.

IX has been reported to be a cancer chemopreventive agent, an anti-oxidant and an antiinflammatory compound (3,6). It has been also shown to modulate vascular proliferation and
stabilization indicating it may be a useful agent for diseases in relation to angiogenesis (7). IX
has been reported to possess weak or no oestrogenic activity in comparison to its 5-O-desmethyl
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derivative 8-prenylnaringenin (8PN), which is the most potent phytoestrogen currently known
(8,9). However, IX is enzymatically converted in vivo to 8PN via CYP1A2, a P450 drug
metabolizing enzyme, and by gut bacteria and is therefore said to be a prodrug of 8PN (10). It
has been reported that the ability to produce 8PN from IX is a phenotype which approximately
40% of general population inherit (11).
While quite a bit of literature exists on the bioactive properties and disposition of IX,
8PN and the positional isomer, 6-prenylnaringenin (6PN), which are all found in H. lupulus and
contain a single chiral carbon center, almost no investigations have focused on the
enantiospecific bioactive properties or disposition of these compounds. One report investigating
the enantiomers of 8PN found similar estrogenic activities between the two enantiomers in a
yeast screen and in estrogen-responsive human endometrial Ishikawa Var-1 cells (9) but another
report using recombinant human estrogen receptor (ER)-α and ER-β from cytosolic SF9-cell
extracts found that both 8PN enantiomers displayed high affinity and selectivity for ER-α but S8PN exhibited an overall higher affinity for both receptors than R-8PN (12). We previously
reported the enantiospecific pharmacokinetics of 8PN in a rat following IV administration of 10
mg/kg racemic 8PN. Enantiomeric differences in some pharmacokinetic parameters were found
(4). It is possible that differences in bioactivities of enantiomers may also exist in other
prenylflavonoids in this family which requires further investigation.
There is a lack of suitable information on the pharmacokinetics of IX. At the time this
research was initiated, no published single-dose pharmacokinetic studies of IX administered by
itself in the literature existed. no published single-dose pharmacokinetic study of IX
administered by itself in the literature. A pre-clinical pharmacokinetic study in rats administered
XN intravenously (IV) and orally (PO) and monitored the formation of IX and subsequent 8PN
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(13). The same group administered XN PO to men and women and monitored formation of IX
and 8PN (14). One pharmacokinetic study orally administered IX along with XN, 8PN and 6PN
in a standardized hop dietary supplement to five women at three different doses (10). The need to
investigate the absorption, distribution, metabolism and elimination properties of IX and
subsequent formation of 8PN while monitoring for enantiomeric differences is apparent,
especially given the potential clinical utility of this group of compounds and their content in
dietary supplements and nutraceuticals (3). The present study describes the enantiospecific preclinical study of IX and metabolite, 8PN, formation in rats following IV and PO administration.

6.3 MATERIALS AND METHODS
6.3.1 Chemicals and reagents
Racemic IX (98%+) and 8PN (99%+) were purchased from Orgentis Chemicals GmbH
(Gatersleben, Germany). Carbamazepine, β-glucuronidase type IX A (β-glucuronidase), PEG
400, and DMSO were purchased form Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade
MeOH and ACN were purchased from EMD Millipore (Gibbstown, NJ). HPLC-grade 2propanol was purchased from Alfa Aesar (Ward Hill, MA, USA). Ammonium formate was
purchased from Acros Organics (Geel, Belgium). Ultrapure water from a Milli-Q water system
was used (Millipore, Billerica, MA, USA).
6.3.2 Analytical systems and conditions
6.3.2.1 Isoxanthohumol
The LC-ESI-MS system used was a Shimadzu LCMS-2010 EV mass spectrometer
system connected to two LC-10AD pumps, a SIL-10AD VP auto-injector, a SPD-10A VP UV
detector and a SCL-10 VP system controller (Kyoto, Japan). Data analysis was accomplished
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using Shimadzu LCMS Solutions v. 3 software. The MS conditions consisted of a curved
desolvation line temperature of 230°C and a block temperature of 200°C. The curved desolvation
line, interface and detector voltages were -20.0 V, 4.5 kV and 1.2 kV, respectively.
The analytical column used was a cellulose tris (3,5-dimethylphenylcarbamate) coated
silica-gel Chiracel® OD-RH (5 μM, 150 x 4.6mm) (Chiral Technologies, West Chester, PA,
USA). The mobile phase consisted of MeOH, ACN and 10 mM ammonium formate (pH 8.5)
(8.1:24.4:67.5, v/v/v) that was filtered and degassed under reduced pressure prior to use.
Separation was carried out isocratically at 23 with a flow rate of 0.8 mL/min. Carbamazepine
was used as the internal standard. Enantiomers of IX were detected in negative mode monitoring
the ions with m/z 353.15; while the internal standard was detected in positive mode with m/z
237.15.
6.3.2.2 8-Prenylnaringenin
A previously published, validated method for the enantiospecific detection of 8PN in
biological fluids was employed (4). Briefly, the same LCMS system as described above was
used. Separation was achieved using a Chiralpak® AD-RH column with an isocratic mobile
phase consisting of 2-propanol and 10 mM ammonium formate (pH 8.5) (40:60, v/v) and a flow
rate of 0.7 mL/min. Detection of 8PN was achieved using SIM negative mode at m/z 339.15 for
both enantiomers and positive SIM m/z at 237.15 for the internal standard (carbamazepine).
6.3.3 Animals
Surgically modified, exposed jugular vein catheterized (polyurethane-silastic blended
catheter), adult male CD Sprague-Dawley rats (approximately 330 g) (Charles River
Laboratories, St. Constant, Quebec, Canada) were used for the pharmacokinetic experiments.
Animals were provided free access to food and water upon arrival to the animal care facility and
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were housed in alternating 12 h cycles of light and dark in a temperature- and humiditycontrolled room. Animal ethics approval was obtained from the Office of Research Ethics and
Compliance at the University of Manitoba (protocol 11-064).
6.3.4 Pharmacokinetic studies
Animals were placed in metabolic cages 12 h prior to the experiment and fasted but
provided free access to water. On the day of the experiment the animals were administered either
a single IV bolus (10 mg/kg of racemic IX in 98% PEG 400 and 2% DMSO, n = 3) or
intragastric dose (100 mg/kg of racemic IX in 98% PEG 400 and 2% DMSO, n = 3). A series of
blood samples (0.3 mL) were collected at 0, 1, 15 and 30 min, 1, 2, 4, 6, 12, 24, 48, 72, 96 and
120 h post-IV dose and 0, 15 and 30 min, 1, 2, 4, 6, 12, 24, 48, 72, 96 and 120 h post-PO dose.
The cannulas were flushed with 0.3 mL 0.9% sterile physiological saline after each collection
and the dead volume of the cannula was replaced with sterile heparin/50% dextrose catheter lock
solution (SAI Infusion Technologies, Strategic Applications, Lake Villa, IL, USA) as per the
technical sheet supplied with the animals from Charles River (15). Following centrifugation of
the blood samples, serum was removed and stored at -20°C until further analysis. Urine was
collected over the intervals 0-2, 2-6, 12-24, 24-48, 48-72, 72-96 and 96-120 h post dose and
stored at -20°C until further analysis.
6.3.5 Treatment of pharmacokinetic samples
Urine and serum samples were collected and separated into two sets of microcentrifuge
tubes (total and free) with 100 μL in each. To the total IX and 8PN samples, 20 μL of βglucuronidase (500 U/mL in 6.8 pH phosphate buffer) was added and incubated for 2 h at 37°C
(16). To all samples except 0 h, 30 μL of the internal standard was added along with 1.0 mL of
cold ACN (-20°C) to precipitate proteins. The samples were vortexed and centrifuged at 14,000
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rpm for 5 min. The supernatant was transferred to new microcentrifuge tubes and evaporated to
dryness using a Savant SPD1010 SpeedVac Concentrator (Thermo Fisher Scientific, Waltham,
MA, USA). The residues were reconstituted with 200 μL of mobile phase, vortexed and
centrifuged at 14,000 rpm for 5 min. The supernatant was transferred to HPLC vials and 10 μL
were injected into the LC-ESI-MS system.
β-Glucuronidase specifically cleaves the sugar moiety from the parent compound
(aglycone) due to glucuronidation. The samples that underwent enzymatic hydrolysis (total
samples) were used to determine the amount of IX and 8PN enantiomers glucuronidated. The
analytical methods used for IX and 8PN are specific for the aglycones only therefore indirect
quantification of the glucuronides was required. The total samples contained the unconjugated
compounds as well as the compounds liberated from their glucuronide moiety. The samples that
did not undergo enzymatic hydrolysis (free samples) were used to determine the amount of IX
and 8PN enantiomers remaining as aglycones (17,18). The glucuronide concentrations of each
IX and 8PN enantiomers were determined by subtracting the concentrations of the compounds in
the free samples from the concentrations in the total samples (total sample – free sample).
The quantification of pharmacokinetic sample concentrations was based on calibration
curves constructed using the peak area ratio of the enantiomers of IX and 8PN to the internal
standard, against the concentrations of IX and 8PN enantiomers using unweighted least squares
linear regression.
6.3.6 Pharmacokinetic analysis
Data were analyzed using Phoenix WinNonlin software (v. 6.3; Certara, St. Louis, MO,
USA) to calculate the pharmacokinetic parameters. The concentration time points of the animals
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were subjected to non-compartmental modeling. The free concentrations of IX were used for
modeling. The apparent decomposition rate constants (KE) were estimated from the slopes of the
log-linear phases of the serum and urine concentration vs. time plots. The half-lives and rates of
elimination were determined by applying the previously described software with the specified
parameters. The plasma and urine half-lives (t1/2) were determined using the following equation:
t1/2 = 0.693/KE. To determine the fractions of the doses of R- and S- IX and 8PN excreted
unchanged in the urine (fe), the total amount of urine was divided by the total dose of each
enantiomer administered. The renal clearances (CLrenal) were determined by the equation: CLrenal
= fe x CLtotal and hepatic clearances were determined by the equation: CLhepatic = CLtotal – Clrenal,
assuming that non-renal clearance is hepatic clearance. Bioavailability was calculated by pairing
IV and PO-dosed animals together based on body weight. Bioavailability (% F) was calculated
by the following equation % F = [(Dose IV x Area Under the Curve PO)/(Dose PO x Area Under
the Curve IV) x100]. Statistical differences between the pharmacokinetic parameters of
enantiomers were determined through the use of unpaired student’s t-test with a value of P <
0.05 being considered statistically significant (Sigma Plot, v. 11.0, Systat Software, Inc., San
Jose, CA, USA).
6.3.7 Assessment of renal electrolytes and enzyme
To assess the renal safety of the IV and PO doses, urine samples from the
pharmacokinetic experiments were analyzed for electrolyte and N-acetyl-β-D-glucosaminidase
(NAG) concentrations. Urine sodium and potassium concentrations of the pharmacokinetic
samples were measured using a Medica EasyRA automated clinical chemistry analyzer (Medica
Corporation, Bedford, MA, USA). NAG was measured using an assay kit for clinical chemistry
analyzers (ALPCO Diagnostics, Salem, NH, USA, cat. No. 73-1290050) on the Medica EasyRA.
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Electrolyte and NAG measurements were performed in triplicate. Electrolytes were assessed in
mmol/L and NAG was assessed as U/L. Urinary excretion rates were determined using an
equation, C x V x 100/T x W, where C is the detected concentration (mmol/L for electrolytes and
U/L for NAG) in the urine samples, the total urine volume collected in mL (V), collection time
in min for electrolytes and h for NAG, and the body weight of the animal in grams (W) (19).
Urinary excretion rates were described as μmol/min/100 g body weight (B.W.) for the
electrolytes and U/H/100 g B.W. for NAG. All urine samples through 120 h post dose were
compared to the 0 h sample (baseline) to assess significant changes in electrolyte and NAG
excretion rates. The rates of both routes of administration at the same post-dose time were also
compared. Time points were compared using of unpaired student’s t-test with a value of P < 0.05
being considered statistically significant (Sigma Plot, v. 11.0, Systat Software, Inc., San Jose,
CA, USA).
6.3.8 Data analysis
Compiled data were presented as mean and standard error of the mean (mean ± SEM),
Where possible, the data were analyzed for statistical significance using Sigma Plot, ver. 11.0
(Systat Software, Inc., San Jose, CA, USA). Student’s t-test was employed for unpaired samples
with a value of P < 0.05 considered statistically significant.

6.4 RESULTS AND DISCUSSION
6.4.1 Assessment of renal electrolytes and enzyme
To insure that the doses administered to the animals did not cause physiological
disruption and compromise results, renal safety was assessed. Clinically, flavonoids have been
reported to induce acute renal toxicity upon a large single dose as well as chronic low doses
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through uptake by, accumulation in and subsequent damage to the renal tubules (20).
Furthermore, many flavonoids have been shown to possess the ability to inhibit cyclooxygenase
(COX) -1 and -2 activity and therefore may possess non-steroidal anti-inflammatory drug
(NSAID) –like activity (21). Decreased urinary electrolyte excretion, specifically sodium and
potassium, is a predominant NSAID-related renal side effect connected to decreased
prostaglandin formation which requires COX activity for its formation (19,22).
Figure 6.2 displays the urinary electrolyte and NAG excretion rates for both IV and POdosed rats during the course of the experiment. Baseline potassium excretion rates were 14.4 ±
7.27 and 3.10 ± 1.27 μmol/min/100 g B.W. for IV and PO routes, respectively (Figure 6.2A).
The rates of urinary potassium excretion did not significantly differ from the baselines
throughout the study for either routes of administration nor were there any significant differences
in rates of urinary excretion between the two routes of administration when compared at the
same post-dose time (p > 0.05). Baseline sodium excretion rates were observed to be 3.2 ± 2.2
μmol/min/100 g B.W. for IV-dosed animals and 0.7 ± 0.3 μmol/min/100g B.W. for PO-dosed
animals (Figure 6.2B). Sodium excretion rates were found to be significantly elevated from
baseline at 2 h post-dose for PO dosed rats (P < 0.05). However, sodium excretion rates were
found to not significantly differ from baseline for the remainder of the study (p > 0.05). As with
potassium excretion rates, there were no significant differences found in rates between IV and
PO-dosed rats at the same time point in the study (P > 0.05).
Early renal injury is poorly detected in rats using traditional methods to determine
nephrotoxicity such as serum creatinine and blood urea nitrogen (23). NAG, a lysosomal enzyme
found at high concentrations in the epithelial cells of the proximal tubules, is commonly used to
detect early renal tubular damage resulting from drug nephrotoxicity in rats (23). Baseline NAG
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excretion rates were recorded at 0.007 ± 0.006 U/h/100 g B.W. for IV-dosed rats and 0.002 ±
0.0003 U/h/100 g B.W. for PO-dosed rats (Figure 6.2C). IV-dosed rats were not found to have
significantly different NAG excretion rates from baseline (P > 0.05). However, PO-dosed rats
were found to have significantly lower rates of NAG excretion at 72 h, 96 h and 120 h post-dose
from baseline (P = 0.018, P = 0.004, P = 0.024, respectively). Significant differences in NAG
excretion rates were found between IV- and PO- dosed rats at 24 h post-dose (P = 0.017) where
IV-dosed rats were found to have a lower rate of NAG excretion than PO-dosed rats.
Electrolyte and NAG urinary excretion rates indicate that acute renal injury did not occur
following a single IV bolus of 10 mg/kg IX or PO dose of 100 mg/kg IX. Physiological
disruption to the study from altered renal function was unlikely to have occurred as no
differences in urine output were noted.
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Figure 6.2 Urinary excretion rates of: A) Potassium by IV and PO doses of IX from 0 h
(baseline) through 120 h post-dose; B) Sodium by IV and PO doses of IX from 0 h (baseline)
through 120 h post-dose; and C) NAG by IV and PO doses of IX from 0h (baseline) through 120
h post-dose. Data expressed as mean ± SEM; n = 3 per route of administration. *Indicates
significant difference from baseline (P < 0.05). †Indicates significant difference between routes
of administration at the same post-dose time (P < 0.05).
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6.4.2 Enantiospecific pharmacokinetics of isoxanthohumol
The LC-ESI-MS method was successfully applied to the enantiospecific determination
and quantification of IX in rat serum and urine in a pharmacokinetic study and standard curves
established linearity over the concentration range studied for the serum and urine samples. To
our knowledge, not only is there no previously published single dose pharmacokinetic study of
IX in the literature in any species, there are also no previously published studies or information
on the enantiospecific pharmacokinetics of IX or the monitoring of the appearance of 8PN
following administration of IX in serum and urine. Total samples (incubated with βglucuronidase from E. coli type IX-A) verified the presence of at least one glucuronidated
metabolite of IX and 8PN based on the increase in IX and 8PN (aglycone parent compounds)
concentrations after enzymatic hydrolysis in both serum and urine. Glucuronidation of IX and
8PN parallels previous rat and human microsome studies of the hops prenylchalcone, XN (24).
6.4.2.1 Intravenous administration
Following IV administration of racemic IX (10 mg/kg), the serum and urine dispositions
were examined (Figure 6.3A and Figure 6.4A, B). The serum concentration-time profile for IV
dosed racemic IX demonstrates a rapid decline of the parent enantiomers. At one hour post-dose,
neither enantiomer was detectable as an aglycone. However, at two hours post-dose, both
aglycone enantiomers reappeared but fell below detectable concentrations after four hours postdose. Neither aglycone enantiomer significantly predominated in the serum.
The serum concentration-time profiles for the glucuronidated metabolite of each
enantiomer are substantially different from those of the parent compounds. Formation of the
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glucuronidated metabolites is rapid as they were detected within one minute post-dose in the
serum. A rapid decline in concentration is seen for the glucuronidated metabolite within the first
15 min post-dose. At 30 min post-dose, concentrations of both metabolites increase through one
hour-post dose followed by an elimination phase through four hours post-dose after which time
concentrations fell below detectable limits. As with the parent compounds, no glucuronidated
metabolite enantiomer predominated over the other in serum.
Serum disposition of IV IX has not been previously reported in the literature. Legette et
al. report serum disposition of total XN (aglycone and conjugated metabolites) following IV
administration of 1.86 mg/kg to 12 Sprague-Dawley rats without differentiation in their serumconcentration time curves (13). While aglycone and glucuronidated concentrations of XN are not
differentiated in the XN time-curve, it is evident that overall shape of the plot does not match
that of IX. XN is reported to be detected for up to 96 h post-IV dose in the serum whereas IX fell
below detectable concentrations 4h post-dose for both the aglycone and glucuronidated forms.
The limit of detection for XN for the employed bioanalytical method of analysis is not reported
by Legette et al. nor was any information provided on the method’s sensitivity, accuracy or
reproducibility. Our group previously reported the enantiospecific serum disposition of 8PN
following a single IV bolus of racemic 8PN (10 mg/kg) to one rat using a validated method of
analysis (4). The overall shape of the 8PN serum-concentration time curve seems to better
parallel the shape of the IX concentration time curve than the reported XN curve. Both graphs
show multiple peaking, often indicative of enterohepatic recirculation, which is common in
polyphenol pre-clinical pharmacokinetics (17,25). Both compounds’ aglycones and
glucuronidated metabolites quickly fell below detectable concentrations in serum; 4 h for IX and
12 h for 8PN post-dose. Additionally, the parent aglycones were the predominate forms of both
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IX and 8PN in the serum following the distribution phases of the curves. Although the 8PN
disposition was for a single rat, there appeared to be no stereospecific predominance in either the
aglycones or glucuronidated metabolites in parallel with the IV administered IX results.
Both enantiomers of IX as well as the glucuronidated metabolites were detected in the
urine. The total urinary excretion plot (Figure 6.4A) indicated that both enantiomers of IX are
predominately excreted as the aglycone. Both the aglycones and glucuronidated metabolites
appeared to be mostly excreted by 12 h post dose with concentrations falling below detectable
limits after 24 h post-dose. Disposition does not appear to be significantly different between
enantiomers as both aglycones and glucuronide conjugates. The rate of urinary excretion plot
(Figure 6.4B) indicates that the IX aglycones and glucuronides have similar changes in rates of
excretion as indicated by parallel slopes in the elimination phase. However, the aglycones are
eliminated at a greater rate than the metabolites over the first 48 h post-dose. No substantial
differences in rate of urinary excretion between enantiomers in the aglycone or glucuronidated
metabolite form were found.
As previously mentioned, there have been no single-dose IV pharmacokinetic studies of
IX in the literature for any species and therefore no urinary disposition has been recorded. The
only IV urinary disposition reported for related compounds is by our laboratory for the
enantiospecific urinary disposition of 8PN in a single rat receiving a IV bolus of racemic 8PN
(10 mg/kg) (4). The aglycone was the predominant form excreted in the urine for both 8PN
enantiomers as well as for IX enantiomers. The S-8PN aglycone was the principle aglycone
enantiomer excreted in the urine but there appeared to be no enantiomeric difference in
glucuronide excretion. However, no significant difference between enantiomer excretion was
found for IX aglycones. The 8PN study reveals that 8PN enantiomers in glucuronide and
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aglycone form were predominately excreted by 48 h post-dose although excretion gradually
continued through 120 h post-dose. Of interest is that despite both studies administering 10
mg/kg of IX or 8PN and a difference of one methyl group, IX aglycones were excreted in the
urine at 2-3.6 times that of 8PN and the glucuronides were excreted at approximately 11 times
that of 8PN. The differences in urinary excretion may be attributed to the 5-O-methyl group on
IX, which makes the compound more hydrophilic than 8PN. The estimated logP value for 8PN is
4.56 and 4.06 for IX (26).
Table 6.1 summarizes the pharmacokinetic parameters exhibited by the free
(unconjugated aglycone) enantiomers of IX following an IV dose of 10 mg/kg racemate. The
total serum clearance of S- and R-IX was determined to be 0.757 ± 0.125 and 0.650 ± 0.072
L/h/kg, respectively, for IV dosing. The mean fraction excreted unchanged in the urine (ƒe) for SIX was 1.95 ± 0.834% and 1.97 ± 1.05% for R-IX indicating that both enantiomers are excreted
almost exclusively via non-renal routes. Renal clearance (CLrenal) was determined to be 0.015 ±
0.007 L/h/kg for S-IX and 0.012 ± 0.006 L/h/kg for R-IX. Hepatic clearance (CLhepatic = CLtotal CLrenal) was determined to be 0.742 ± 0.123 L/h/kg for S-IX and 0.638 ± 0.075 L/h/kg for R-IX,
assuming that non-renal clearance is hepatic clearance. Volume of distribution (Vd) for S-IX and
R-IX was determined to be 1.40 ± 0.266 and 1.18 ± 0.164 L/kg, respectively. Both enantiomers
had volumes of distribution more than two times greater than total body water of the rat, 0.7 L/kg
(27), suggesting that the enantiomers, when dosed IV, are distributed throughout the body. The
mean area under the curve (AUC), representing the total amount of exposure in the serum over
time, was 7.04 ± 1.32 and 7.88 ± 0.832 μg*h/mL for S- and R-IX, respectively. The serum
concentrations of S- and R-IX declined rapidly with a mean elimination half-life of 1.37 ± 0.336
and 1.29 ± 0.237 h, respectively. The half-lives of the enantiomers in the urine were found to be
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39.4 ± 30.9 h for S-IX and 17.5 ± 8.16 h for R-IX. No IV pharmacokinetic parameters for the
enantiomers were found to be significantly different from one another (P > 0.05).
IV pharmacokinetic parameters for IX (10 mg/kg) are in best accordance with those
reported by our research group for a single IV bolus dose of racemic 8PN (10 mg/kg) (4).
Legette et al. reported the pharmacokinetic parameters for XN following a single IV bolus dose
to rats (1.86 mg/kg) although they modeled the total XN (aglycone and metabolites) data using a
two-compartment model (13). We report the enantiospecific parameters of 8PN using only the
aglycone data using non-compartmental modeling in accordance with the IX parameters reported
in this study. The reported AUCs for IX, XN and 8PN demonstrate variance. We report IX to
have an AUC of 7.04 μg*h/mL for S-IX and 7.88 μg*h/mL for R-IX whereas S-8PN is reported
to have an AUC of 44.5 μg*h/mL and 42.8 μg*h/mL for R-8PN. XN is reported to have a much
larger AUC of 2,640 μg*h/mL although this includes both the aglycone and conjugated
metabolites. Overall exposure is the greatest for XN and smallest for IX in the rat. Volumes of
distribution are similar for all three hops flavonoids, all between 1.16 and 1.67 L/kg suggesting
that all are distributed throughout the body. IV-administered 8PN appears to have the largest Vd
(1.67 L/kg for both enantiomers) while total XN demonstrated the lowest Vd (1.16 L/kg). Total
clearance is similar between the IX enantiomers and total XN (0.757 and 0.650 L/h/kg for S- and
R-IX, respectively and 0.87 L/h/kg for total XN). Total clearance for the 8PN enantiomers was
smaller than that of IX and XN at 0.109 and 0.113 L/h/kg for S- and R-8PN, respectively.
Besides AUC, another difference in parameters between the hops flavonoids is reported serum
half-life. The half-lives for IV-dosed 8PN and XN are substantially longer than those for the IX
enantiomers. We report half-lives of 10.6 and 10.2 h for S- and R-8PN, respectively, and Legette,
et al. reported a half-life of 33.8 h for total XN. S-IX and R-IX were found to have serum half226

lives of 1.37 and 1.29 h, respectively. Fraction excreted unchanged in the urine (ƒe) is not
reported for XN but we reported ƒe as 0.981% and 0.522% for S- and R-8PN, respectively. IX
enantiomers were found to have ƒe’s of 1.95% and 1.97% for S- and R-IX, respectively, which is
accordance with the observed difference in total amount of aglycones excreted in the urine
between IX and 8PN (2-3.6 fold increase in the amount of IX aglycones). IX may be cleared to a
greater extent by the kidney than 8PN whereas 8PN may undergo more hepatic clearance than
IX. However, further pharmacokinetic studies of 8PN are needed to confirm if this is extendable
to other species.
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Figure 6.3 Concentrations of S- and R-IX and glucuronidated metabolites as well as R- and S8PN and glucuronidated metabolites in rat serum following; A) IV administration of racemic IX
(10 mg/kg) and; B) PO administration of racemic IX (100 mg/kg). Data expressed as mean ±
SEM; n = 3 per route of administration.
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Figure 6.4 A) Total cumulative amount of S- and R-IX and glucuronidated metabolites along
with R- and S-8PN and glucuronidated metabolites in urine over 120h after IV administration of
racemic IX (10 mg/kg); B) Rate of excretion of S- and R-IX and glucuronidated metabolites
along with R- and S-8PN and glucuronidated metabolites in urine over 120h after IV
administration of racemic IX (10 mg/kg); C) Total cumulative amount of S- and R-IX and
glucuronidated metabolites along with R- and S-8PN and glucuronidated metabolites in urine
over 120h after PO administration of racemic IX (100 mg/kg); and D) Rate of excretion of S- and
R-IX and glucuronidated metabolites along with R- and S-8PN and glucuronidated metabolites in
urine over 120h after PO administration of racemic IX (100 mg/kg). Data expressed as mean ±
SEM, n=3 per route of administration.
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Table 6.1 Stereospecific pharmacokinetic parameters of isoxanthohumol in the rat, n = 3 per
route of administration. *Denotes significant difference (P < 0.05) between S- and R- parameters.
Pharmacokinetic
Parameter
AUCinf (μg*h/L)
Vdβ (L/kg)
ƒe (%)
CLtotal (L/h/kg)
CLrenal (L/h/kg)
CLhepatic (L/h/kg)
t1/2 (h) serum
t1/2 (h) urine
MRT (h)
Bioavailability (%)

Intravenous (mean ± SEM)
S-Isoxanthohumol R- Isoxanthohumol
7.04 ± 1.32
7.88 ± 0.832
1.40 ± 0.266
1.18 ± 0.164
1.95 ± 0.834
1.97 ± 1.05
0.757 ± 0.125
0.650 ± 0.072
0.015 ± 0.007
0.012 ± 0.006
0.742 ± 0.123
0.638 ± 0.075
1.37 ± 0.336
1.29 ± 0.237
39.4± 30.9
17.5 ± 8.16
1.56 ± 0.458
1.53 ± 0.354
-

Oral (mean ± SEM)
S-Isoxanthohumol R- Isoxanthohumol
2.40 ± 0.750
3.79 ± 1.58
108 ± 11.3
97.7 ± 19.9
0.180 ± 0.024
0.223 ± 0.051
32.5 ± 15.5
42.9 ± 29.3
0.054 ± 0.024
0.064 ± 0.033
32.4 ± 15.4
42.8 ± 29.2
4.11 ± 1.43
6.58 ± 3.41
29.7 ± 11.0
15.4 ± 3.93
7.86 ± 2.77
11.0 ± 6.09
4.09 ± 1.61
5.35 ± 2.47

6.4.2.2 Oral administration
Following PO administration of racemic IX (100 mg/kg), the serum and urine
dispositions were examined (Figure 6.3B and Figure 6.4C, D). The serum concentration-time
profile for PO dosing indicates the average time to reach maximum serum concentration (Tmax)
was 2.25 ± 1.625 h for S-IX and 2.33 ± 1.59 h for R-IX. The highest concentrations of IX
observed in serum (Cmax) following dosing were 0.563 ± 0.133 μg/mL for S-IX and 0.753 ±
0.266 μg/mL for R-IX. IX enantiomers were detected at higher concentrations as glucuronidated
metabolites in the serum than the aglycones. Secondary peaks were observed at 6h post-dose for
S- and R-IX. Both S- and R-IX aglycone concentrations fell below detectable limits after 12 h
post-dose. No enantiomer appeared to predominate in concentration over the other.
The glucuronidated metabolites appeared rapidly within 15 min post-dose along with the
parent aglycones. After 15 min post-dose, both glucuronidated metabolites quickly decreased in
concentration. Secondary peaks were observed at 2h and 8h pot-dose for S-IX glucuronide and at
4h post-dose for R-IX glucuronide. After 6 h post dose, concentrations of both glucuronidated
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metabolites decreased through 24 h post-dose after which concentrations fell below detectable
limits. No enantiomer appeared to predominate in concentration over the other.
Like serum disposition following a single IV bolus administration of IX, there are no
studies in the literature which evaluated the pharmacokinetics of IX following a single PO dose
of the pure compound. Legette et al. reports the serum disposition of total XN (aglycone and
conjugated metabolites) and total metabolite formation of IX (aglycone and conjugated
metabolites) following oral administration of a low, medium and high dose of XN (1.86, 5.64
and 16.9 mg/kg, respectively) to rats (13) and to humans (20, 60 and 180 mg) (14). van Breemen
et al. reports the serum disposition of total IX as well as total XN, 8PN and 6PN in women
following oral dosing of a standardized extra of hops at low, medium and high dosages (0.80,
1.60 and 3.20 mg) using a previously validated method of analysis (10). Rad et al. reported the
pharmacokinetics of free (aglycone) 8PN in postmenopausal women following single oral doses
of 50, 250 and 750 mg of 8PN (28). All four studies reported multiple peaking for all hops
flavonoids studied in both rats and humans which all studies attributed to enterohepatic recycling
(10,13,14,28). The human studies reported a secondary peak in serum concentration between 5
and 8 h post-dose (10,14,28) and the XN study in rats reported a secondary peak between 8 and
12 h post dose (13). We observed secondary peaks in both IX aglycone concentrations 6 h postdose. The R-IX glucuronide had a secondary peak at 3 h post-dose and the S-IX glucuronide had
two secondary peaks at 2 and 6 h post-dose. Rad et al. reports Tmax values of free 8PN in humans
to range between 1.0 ± 0.5 h and 1.5 ± 0.8 h depending on dose administered (28). van Breemen
et al. found Tmax values for total IX to be between 3.2 ± 3.2 h and 4.0 ± 4.8 h, depending on dose.
Total XN Tmax values ranged between 1.8 ± 1.8 h and 3.8 ± 4.4 h and Tmax values for total 8PN
ranged between 2.8 ± 4.0 h and 7.0 ± 9.7 h all dependent on dose administered (10). Legette et
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al. reported Tmax values between 1.1 ± 0.2 h and 3.1 ± 0.9 h depending on dose and gender in
humans (14) and 3.61 ± 0.74 h and 4.51 ± 0.54 h in rats depending on dose (13). These Tmax
values for hops flavonoids are all similar to the Tmax values we have reported for S-IX (2.25 ±
1.62h) and R-IX (2.33 ± 1.59h). The Tmax values for S- and R-IX as well as for the other hops
flavonoids in the literature indicate that these compounds are rapidly absorbed.
Both enantiomers of IX as well as the glucuronidated metabolites were detected in the
urine following PO administration. The total urinary excretion plot (Figure 6.4C) indicated that
both enantiomers of IX are predominately excreted as glucuronidated metabolites. Both the
aglycones and glucuronidated metabolites appeared to be mostly excreted by 48 h post dose,
however the aglycone concentrations continued to steadily increase even at 120 h post-dose.
While both the aglycone and glucuronidated metabolite form of R-IX appeared to predominate
over the S-IX aglycone and glucuronidated metabolite in total excretion, the differences are not
significant. The rate of urinary excretion plot (Figure 6.4D) indicates that S- and R-IX have
similar changes in rates of excretion as indicated by their parallel slopes. The rate is highest for
both aglycones within two hours post-dose. Through 48 h post dose, the R-IX aglycone appears
to be excreted at a slightly greater rate than S-IX; however this does not reach statistical
significance. The maximum rate of excretion for both glucuronidated metabolites is reached at 6
h post dose after which the rates gradually decrease through 120 h post dose. Like the aglycones,
the glucuronidated metabolites displayed similar changes in rates of excretion and the R-IX
glucuronidated metabolite also was excreted at a greater rate but not significantly.
Of the four pharmacokinetic studies in the literature involving orally dosed hops
flavonoids in the literature, none report urine disposition over time (10,13,14,28). Rad et al.
reports that 8PN was excreted in the urine primarily as conjugated metabolites in
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postmenopausal women regardless of dose (28) and van Breemen et al. found that over 98% of
the hop flavonoids found in collected urine were in the form of glucuronide conjugated
metabolites (10). IX urinary excretion data from our study is in agreement with the glucuronide
metabolite being the primary form of IX found in the urine following an oral dose of IX as
opposed to IX in the aglycone form. However, the extent of which glucuronidated metabolites
account for total amount of IX excreted is not as predominant. We found that 76.8% of S-IX in
the urine was found as a glucuronide conjugate and 79.2% of R-IX found in the urine was in the
form of a glucuronide conjugate. While van Breemen et al. reports no change in the percentage
of conjugated metabolites excreted in the urine in relation to total compound excretion in the
urine with increasing dose (10), Rad et al. suggests that total percentage of the dose conjugated
decreases as dose increases as indicated by the lower proportion of the dose found in urine as a
conjugated metabolite at higher doses (28). Rats received 100 mg/kg of racemic IX which is
substantially higher than doses administered in human pharmacokinetic studies of related
compounds. Studies did not disclose the average weight of subjects but assuming that the
average weight of an adult human is 70 kg; studies administered only 0.3-2.6 mg/kg XN, 0.00410.7 mg/kg 8PN and 0.01-0.05 mg/kg IX. Assuming lack of pharmacokinetic species differences
and that high doses correlate to decreased conjugation then it would be expected to find a lower
percentage of IX in the urine in the form of conjugated metabolites and an increased percentage
of IX in the urine in aglycone form at 100 mg/kg in the rat.
Table 6.1 summarizes the pharmacokinetic parameters exhibited by the free
(unconjugated aglycone) enantiomers of IX following a PO dose of 100 mg/kg racemic IX. The
total serum clearance of S- and R-IX was determined to be 32.5 ± 15.4 and 42.8 ± 29.2 L/h/kg,
respectively, for PO dosing. The mean fraction excreted unchanged in the urine (ƒe) for S-IX was
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0.180 ± 0.024% and 0.223 ± 0.051% for R-IX indicating that both enantiomers are excreted
predominately via non-renal routes. Renal clearance (CLrenal) was determined to be 0.054 ± 0.024
L/h/kg for S-IX and 0.064 ± 0.033 L/h/kg for R-IX. Hepatic clearance (CLhepatic = CLtotal CLrenal) was determined to be 32.4 ± 15.4 L/h/kg for S-IX and 42.8 ± 29.2 L/h/kg for R-IX,
assuming that non-renal clearance is hepatic clearance. Volume of distribution for S-IX and R-IX
was determined to be 108 ± 11.3 and 97.7 ± 19.9 L/kg, respectively. Both enantiomers had
volumes of distribution more than 145 times greater than total body water suggesting that the
enantiomers, when dosed PO, are distributed to tissues. The mean area under the curve (AUC),
representing the total amount of exposure in the serum over time, was 2.40 ± 0.750 and 3.79 ±
1.58 μg*h/mL for S- and R-IX, respectively. The oral bioavailability of S- and R-IX was
determined to be 4.09 ± 1.61% and 5.35 ± 2.47, respectively. The serum concentrations of S- and
R-IX declined rapidly following PO dosing with a mean elimination half-life of 4.11 ± 1.43 and
6.58 ± 3.41 h, respectively. The half-lives of the enantiomers in the urine were found to be 29.7
± 11.0 h for S-IX and 15.4 ± 3.93 h for R-IX. No PO pharmacokinetic parameters for the
enantiomers were found to be significantly different from one another (P > 0.05).
While Legette et al. reports pharmacokinetic parameters for total IX (aglycone and
conjugated metabolites) following oral administration of XN to rats (13) and to humans (14).
This was done without knowing the fraction of XN converted to IX and instead using the original
doses of XN to calculate pharmacokinetic parameters for metabolites IX and 8PN in both
studies. Doing so skews the calculated pharmacokinetic parameters. In order to determine the
fraction of XN converted to IX, the metabolite (ƒm), IX, must be intravenously administered at
equimolar concentrations as the parent compound separately and the AUC calculated; ƒm =
AUC(m,D)/AUC(m) where AUC(m,D), where is the AUC of the metabolite formed after IV
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administration of its precursor and AUC(m) is the AUC after IV administration of the metabolite
(29,30). Therefore, reported IX pharmacokinetic parameters from these two studies are not
suitable for comparison to the parameters reported in our study. van Breemen et al. administered
a complex mixture of hops flavonoids, many of which are known to be converted in vivo to
others in the mixture (10). XN is known to cyclize under acidic conditions to IX (in the
gastrointestinal tract) or undergo demethylation by gut bacteria and cytochrome P450 enzyme
CYP1A2 to the unstable desmethylxanthohumol (DMX) chalcone intermediate. DMX
spontaneously converts to 8PN and 6PN. IX is also subject to demethylation by gut bacteria and
CYP1A2 to be converted to 8PN (14). The complex and interconnected metabolism of this
family of compounds greatly complicates accurate pharmacokinetic parameter calculations when
they are dosed together without the individual pharmacokinetic profiles of each compound and
their metabolites to fm. The pharmacokinetic study by van Breemen et al. and their conclusions,
especially as they pertain to IX and 8PN is extended and clarified by our research. The oral
pharmacokinetic parameters in the literature for related hops prenylflavonoids by Rad et al. are
modeled with aglycone data instead of total 8PN using non-compartmental analysis and are more
informative (28).
6.4.3 Enantiospecific detection of the 8-prenylnaringenin metabolite
The previously published, validated method for enantiospecific detection of 8PN in
biological fluids (4) was successfully applied to the determination and quantification of R- and S8PN in rat serum and urine following IV and PO administration of racemic IX.
6.4.3.1 Intravenous administration of isoxanthohumol
Following IV administration of racemic IX (10 mg/kg), both R- and S-8PN were only
detected in the serum as glucuronidated metabolites at 4 and 6 h post-dose as seen in Figure
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6.3A. After 6 h post dose, 8PN concentrations fell below detectable limits. S- and R-IX
aglycones and glucuronidated metabolites fell below detectable limits in the serum after 4 h postdose which suggests that the 8PN metabolites remained in the systemic circulation for two hours
longer than the parent IX compounds following IV administration. We previously reported both
enantiomers of 8PN remain detectable at 12 h post-dose as both aglycones and glucuronidated
metabolites following IV administration of 10 mg/kg to a single rat (4). No 8PN enantiomer
predominated in the serum over the other after IV administration of IX. Although IV
pharmacokinetic parameters of 8PN are available, 8PN was not detected as the free aglycone
following IV administration of IX. Therefore no fm value can be calculated for conversion of IX
to 8PN following IV administration of IX.
Both the aglycone and glucuronide forms of R- and S-8PN were found in the urine of rats
dosed IV with 10 mg/kg racemic IX (Figure 6.4A). Glucuronidated S-8PN was found to be the
predominate form of 8PN excreted in the urine while the R-8PN aglycone was minimally
excreted form of 8PN found in the urine. The 8PN glucuronides appeared to be mostly excreted
by 24 h post-dose. Both 8PN aglycones appeared to be primarily excreted by 24 h post-dose but
both enantiomers saw additional excretion at 48 h post-dose. Figure 6.4B shows that the rate of
excretion of 8PN. The highest observed rate of R- and S-8PN aglycone excretion in the urine is at
6 h post-dose. Both glucuronides have peak excretion rates at 12h post-dose. The S-enantiomer
of 8PN predominated in both urine excretion and rate of excretion over the R- enantiomer for
both aglycone and glucuronide excretion. Table 6.2 displays the molar urinary excretion
fractions in percent of the IX dose administered recovered in the urine. Of the total S-IX and S8PN recovered in the urine, total S-8PN accounted for 6.16 ± 3.10% of all S-IX and S-8PN
urinary excretion. Of the total R-IX and R-8PN excreted in the urine, total R-8PN accounted for
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16.6 ± 11.6% of all R-IX and R-8PN urinary excretion. No significant differences in molar
urinary excretion fractions of the dose between 8PN enantiomers for the aglycone and
glucuronide conjugate were found (P > 0.05).
Table 6.2 Molar excretion fractions for S- and R-IX metabolites: S- and R-IX glucuronide
conjugates, S- and R-8PN and S- and R-8PN glucuronide conjugates expressed as percent urinary
recovery of dose following administration of racemic IX IV (10 mg/kg or 5 mg/kg/enantiomer)
and PO (100 mg/kg or 50 mg/kg/enantiomer). Data represented as mean ± SEM; n = 3 per route
of administration. *Denotes significant difference in percent of dose recovery for compound
between routes of administration (P < 0.05). †Denotes significant difference in percent of dose
recovery between enantiomers for the same route of administration (P < 0.05).

Route

S-IX

S-IX
Glucuronide

IV
PO

1.95 ± 0.834
0.180 ± 0.027

0.798 ± 0.365
0.396 ± 0.112

Urine Recovery (% of Dose)
R-IX
S-8PN
Glucuronide

R-IX

1.97 ± 1.05
0.223 ± 0.059

0.793 ± 0.472
0.639 ± 0.113

0.076 ± 0.040
0.106 ± 0.068

S-8PN
Glucuronide

R-8PN

R-8PN
Glucuronide

0.088 ± 0.023
0.162 ± 0.133

0.198 ± 0.184
0.265 ± 0.209

0.374 ± 0.192
0.028 ± 0.023

6.4.3.2 Oral administration of isoxanthohumol
Both R- and S-8PN aglycones and glucuronides were observed in the serum following PO
dosing of racemic IX (100 mg/kg) (Figure 6.3B). The Tmax for both of the 8PN aglycones was
approximately 2 h post-dose with a secondary Tmax at 24 h post-dose for both enantiomers. The
first Tmax for both 8PN glucuronide conjugates was 1 h with secondary Tmax values occurring at 6
h for the S-8PN glucuronide and 12 h for the R-8PN. Both the aglycones and glucuronides of
8PN appeared 1 h post-dose in the serum with the glucuronide conjugates predominating in
concentration over the aglycones. The aglycone concentrations continued to increase until 2 h
post-dose. After two hours, the R-8PN aglycone concentration fell below detectable limits but

237

the S-8PN aglycone remained detectable at 4 h post-dose. After 4 h post-dose, both of the
aglycones were not detected in the serum. Both aglycones were detected in the serum at 24 h
post-dose but at 48 h were below detectable concentrations. With the exception of the time point
at 4 h post-dose, there appeared to be no difference in disposition between R- and S-8PN
aglycones. At 2 h post-dose, 8PN glucuronide concentrations steeply declined after appearing in
the serum at 1 h post-dose. After 2 h post-dose, concentrations of both glucuronides began to
increase in the serum through 12h post-dose, after which, concentrations fell below detectable
limits. Unlike, the aglycones, the glucuronides were not detected again in the serum after 12 h
post-dose. As with the aglycones, there appeared to be no enantiospecific differences in the
serum disposition of the glucuronides. As previously mentioned, due to our inability to detect
8PN aglycones in the serum following IV administration of IX, a fm value could not be calculated
and therefore, 8PN metabolite pharmacokinetic parameters following oral dosing of IX could not
be accurately determined.
As with serum, both enantiomers of 8PN were detected in the urine as aglycones and
glucuronides following a PO dose of racemic IX (100 mg/kg) (Figure 6.4C). As with the urine
from IV dosed rats, the glucuronidated S-8PN was found to be the predominant form of 8PN in
the urine while the R-8PN aglycone and glucuronide were the least excreted forms of 8PN. All
forms of 8PN appeared in the urine 6 h post-dose. The glucuronides appeared to be primarily
excreted by 24 h post-dose while excretion of the aglycones steadily continued through 120 h
post-dose. Figure 6.4D shows the urinary rate of excretion of 8PN following a PO dose of
racemic IX. The highest observed rate of R- and S-8PN glucuronide excretion in the urine was at
12 h post-dose while the aglycones had two high rates of excretion, with the first at 6 h post-dose
and again at 48 h post-dose. The S-8PN glucuronide displayed not only a higher rate of excretion
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over the R-8PN glucuronide but it also displayed a more dynamic change in excretion as
indicated by the lack of parallel rates. The S-8PN aglycone also displayed a higher rate of
excretion over the R-8PN aglycone but both aglycone enantiomers displayed parallel rates
indicative of similar changes in rates of excretion. However, Table 6.2 indicates that there were
no statistically significant differences in molar urinary excretion fractions of the dose between
8PN enantiomers for the aglycone and glucuronide conjugates (P > 0.05). Of the total S-IX and
S-8PN excreted in the urine, total S-8PN accounted for 22.8 ± 13.1% of all S-IX and S-8PN
urinary excretion and of the total R-IX and R-8PN excreted in the urine, total R-8PN accounted
for 22.7 ± 17.3% of all R-IX and R-8PN urinary excretion. Of interest to note is that no
significant differences (P > 0.05) were found between the percentages of S- and R-8PN
accounting for total S- and R-IX and S and R-8PN excreted in the urine for both IV and PO
administration of IX nor were significant differences found between the same enantiomers
between routes of administration. Therefore, the percent of total ±8PN excreted in the urine
accounting for all excretion of IX and 8PN in the urine did not significantly change regardless of
route of administration.
In humans, the metabolism of IX to 8PN following oral administration of IX is known to
be highly variable between people. After a dietary intervention trial with 50 post-menopausal
women, Bolca et al. categorized subjects into poor (60%), moderate (25%) and strong (15%)
8PN producers (11). Producer phenotype was largely attributed to differences in gut microbial
composition and dietary factors affecting gut microbiota and potentially to a lesser extent,
CYP1A2 (11). In vitro studies out of the same research group suggest that fecal samples from
humans can be divided into producers and non-producers of 8PN and that there was a difference
in the microbial fingerprints of producer and non-producer fecal samples (31). Furthermore,
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Possemiers et al. also went on to show that germ free rats following once daily oral
administration of 2 mg/kg IX for 4 days did not contain detectable concentrations of free 8PN in
the serum or urine despite detectable concentrations of IX the day following administration of
the last dose. However, 8PN was detected in low concentrations as a conjugated metabolite in
serum and urine in the germ free rats. Upon inoculation of germ free rats with 8PN producer and
non-producer human fecal samples, 8PN was detectable in in the serum and urine (31). Legette
et al. did not use germ free rats in their pharmacokinetic study of XN and reported
concentrations of 8PN in the serum of all rats administered XN both orally and intravenously but
reported total 8PN (aglycone and conjugates) and therefore possible formation of 8PN aglycones
is obscured (13). We report the appearance of both free and conjugated 8PN in the serum and
urine of rats which were not germ free following oral administration of IX and conjugated 8PN
in the serum and free and conjugated 8PN in the urine of rats administered intravenously with
IX. Possemiers et al. did not examine transformation of IX to 8PN in germ free rats following
intravenous administration of IX. The finding that 8PN aglycones are present following oral
administration of IX to normal colonized rats and are not present in germ free rats further
underscores the importance of gut microflora in the conversion of IX to 8PN and its subsequent
absorbance into systemic circulation. Not unlike humans, laboratory rats are known to possess
varying gut microbiota dependent on not only the vendor and colony but even the room in which
they are housed (32). Legette et al. suggests that rodents simply may be stronger producers of
8PN than humans as this has been previously noted with another flavonoid, soy isoflavone and
phytoestrogen, daidzein, and its more potent estrogenic metabolite, equol (14). Of additional note
to the production of equol, a isoflavan with a single chiral center, is that gut bacteria exclusively
produce S-equol from daidzein (33). S-8PN as the aglycone and glucuronide conjugate were
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found excreted in the urine at greater amounts than both the aglycone and glucuronide conjugates
of R-8PN. Enantiospecific production of 8PN by gut microbiota from IX has yet to be studied
and should be further investigated.

6.5 CONCLUSIONS
A pilot study of the enantiospecific pharmacokinetic disposition of IX in rats along with
the enantiospecific appearance of 8PN was carried out. Not only is this the first single dose
pharmacokinetic study of IX in the literature but also the first to monitor the formation of 8PN
over time using free (aglycone) concentrations of IX and 8PN instead of total (aglycone and
conjugate metabolites). The doses administered were found to be well tolerated and did not
appear to alter renal function by inducing changes in renal electrolytes or a proximal tubular
biomarker of early renal damage. Multiple peaking was observed in the serum consistent with
reports in rats and humans in the literature. The rat appears to be a good model for
pharmacokinetic study in humans for hops polyphenols based on similarity of serum and urine
disposition and pharmacokinetic parameters. Absolute bioavailability of IX was determined to be
low, between 4-5%. Differences in parameters and dispositions were observed for IX and 8PN
for both IV and PO dosing. S-8N was found to predominate in the urine of rats over R-8PN
following PO administration of IX. This study supports previous findings in the literature that
gut microbiota may play a significant role in the production of 8PN and supports further
investigation of enantiospecificity in the production of 8PN from IX by gut microbes.
Additional experimental and clinical investigations are ongoing in our laboratory to further
characterize the enantiospecific pharmacokinetics, pharmacological and toxicological activities
of IX, 8PN and 6PN.
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7.

PRE-CLINICAL ENANTIOSELECTIVE PHARMACOKINETICS OF 6PRENYLNARINGENIN IN A RODENT MODEL

7.1 ABSTRACT
6-Prenylnaringenin (6PN) is a chiral prenylflavonoid found most prevalently in hops
(Humulus lupulus L.) and present in hops products such as beer and natural health products. It is
a positional isomer of the potent phytoestrogen, 8-prenylnaringenin (8PN). 6PN chirality, along
with related hops prenylflavonoids, isoxanthohumol (IX) and 8PN, has largely been ignored in
the literature, likely due to the lack of enantiospecific bioanalytical methods. No single dose
pharmacokinetic characterization of 6PN exists in the literature for any species. This study
elucidates the enantiospecific pharmacokinetics of 6PN in rats using a novel, previously
published, LC-ESI-MS method and monitors the formation and disposition of 8PN following
intravenous and oral administration of 6PN. After intravenous and oral administration of racemic
6PN to rats, serum and urine were collected for 72 h and analyzed for 6PN and 8PN. 6PN was
found as aglycones and glucuronide conjugates and displayed multiple peaking in serum
suggestive of enterohepatic recycling. 6PN is primarily excreted through non-renal routes. S-6PN
was found excreted in the urine in greater amounts than R-6PN. Bioavailability was determined
to be 25.9% for R-6PN and 36.9% for S-6PN. While differences in pharmacokinetic parameters
were found between enantiomers of 6PN, they were not found to be significantly different (P >
0.05). No detectable concentrations of 8PN were found in serum or urine pharmacokinetic
samples for either route of administration and it is unlikely that 6PN spontaneously converts to
8PN in vivo as previously suggested in the literature. Further enantiospecific pharmacokinetic
disposition of 6PN studies are warranted along with continued enantiospecific bioactivity
studies.
247

** A version of this thesis chapter has been accepted for publication and published:
Martinez SE, Davies NM. Stereospecific quantitation of 6-prenylnaringenin in commercially
available H. lupulus-containing natural health products and dietary supplements. Research in
Pharmaceutical Sciences. 2015; 10(3):182-91.
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7.2 INTRODUCTION
6-Prenylnaringenin (6PN) (2,3-dihydro-5,7-dihydroxy-2-(4-hydroxyphenyl)-6-(3-methyl2-butenyl)-4H-1-benzopytan-4-one), C20H20O5, MW 340.37 g/mol (Figure 7.1), is a naturally
occurring prenylflavonoid with a single chiral carbon center that is most commonly found in the
female flowers (cones) of hops (Humulus lupulus L.). 6PN has also been described in 6 other
plants, all of which have reported ethnomedicinal uses (1). The primary dietary source of 6PN is
beer (2), which has been reported to contain trace amounts of the compound (0.001 to 0.56 mg/L
across various styles of beer from around the world) (3). Hops-containing nutraceutical and
natural products represents another dietary source of 6PN, marketed for numerous uses
including; menopause support and hormone replacement (4), anxiety and relaxation aids (5),
breast enhancement (6), pain relief and sleep aids (7). 6PN amounts have been reported to range
between non-detectable to 0.108 mg per recommended dose of a wide range of commercial
hops-containing natural products available in North America and Australia (1).
Figure 7.1 Chemical structure of 6-prenylnaringenin. *Denotes chiral carbon center.

At the time of the writing of this thesis, there were no studies in the literature
investigating the enantiospecific bioactivity of 6PN despite the potential for individual
enantiomers to exhibit different biological activities and FDA recommendation for assessment of
each enantiomer’s biological activities for new chiral drugs (8,9). One study investigating the
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enantiospecific estrogenic activities of the positional isomer, 8PN, found that both 8PN
enantiomers displayed high affinity and selectivity for human estrogen receptor (ER)-α and ER-β
but S-8PN exhibited an overall higher affinity for both receptors than R-8PN (10). We previously
reported the enantiospecific pharmacokinetics and disposition of 8PN in a rat following IV
administration of 10 mg/kg racemic 8PN. Enantiomeric differences in some pharmacokinetic
parameters were found (11). It is possible that differences in enantiomeric bioactivities and
disposition may exist in other related prenylflavonoid compounds which requires further
investigation.
At the time this research was initiated, no published single-dose pre-clinical or clinical
pharmacokinetic studies of 6PN administered by itself in the literature existed. A single
pharmacokinetic study orally administered 6PN along with XN, 8PN and IX in a standardized
hop dietary supplement to five women at low, medium and high doses (12). The need to
investigate the enantiospecific absorption, distribution, metabolism and elimination properties of
6PN is apparent. Furthermore, it has been reported in the literature by a research group that 6PN
can spontaneously convert to 8PN in vitro, through an unstable chalcone intermediate,
desmethylxanthohumol (DMX) (13,14), although this report lacks evidence to support it as
formation of 8PN following administration of 6PN has never been followed. The present study
describes a pre-clinical enantiospecific pharmacokinetic study of 6PN in rats following
intravenous and oral administration as well as enantiospecific monitoring of the formation of
8PN following administration of 6PN.
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7.3 MATERIALS AND METHODS
7.3.1 Chemical and reagents
Racemic 6PN analytical standard was purchased from Cerilliant Corporation (Round
Rock, TX, USA). Racemic 8PN analytical standard was purchased from Orgentis Chemicals
GmbH (Gastersleben, Germany). Carbamazepine, β-glucuronidase type IX A from Escherichia
coli (β-glucuronidase), PEG 400, and DMSO were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Ammonium formate was purchased from Acros Organics (Geel, Belgium). HPLCgrade acetonitrile was purchased from EMD Chemicals (Gibbstown, NJ, USA). HPLC-grade 2propanol was purchased from Alfa Aesar (Ward Hill, MA, USA). Ultrapure water from a MilliQ water system was used (Millipore, Billerica, MA, USA).
7.3.2 Analytical system and conditions
7.3.2.1 6-Prenylnaringenin
A previously published, validated method for the enantiospecific detection of 6PN was
employed (1). Briefly, the LC-ESI-MS system used was a Shimadzu LCMS-2010 EV liquid
chromatography mass spectrometer system (Kyoto, Japan) connected to the LC portion
consisting of two LC-10AD pumps, a SIL-10AD VP auto-injector, a SPD-10A VP UV detector
and a SCL-10A VP system controller. Data analysis was accomplished using Shimadzu LCMS
Solutions ver. 3 software. The mass spectrometer conditions consisted of a curved desolvation
line temperature of 250°C and a block temperature of 200°C. The curved desolvation line,
interface and detector voltages were -20.0 V, 4.5 kV and 1.2 kV, respectively. Nitrogen was used
as nebulizer gas (1.5 L/min) from a Parker Balston NitroFlow 60 NA nitrogen generator (Parker
Hannifin, Haverhill, MA, USA).
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The analytical column used was an amylose tris (3,5-dimethyl-phenylcarbamate) coated
silica-gel Chiralpak® AD-RH (5 μm, 150 x 4.6 mm) (Chiral Technologies, West Chester, PA,
USA). The mobile phase consisted of acetonitrile and 10 mM ammonium formate (pH 8.5)
(39:61, v/v) that was filtered and degassed under reduced pressure prior to use. Separation was
carried out isocratically at ambient temperature (23 ± 1°C) with a flow rate of 1.25 mL/min.
Carbamazepine was used as the internal standard. Both enantiomers of 6PN were monitored in
SIM negative ion mode with single plot transition at m/z 339.10. The internal standard was
monitored in positive SIM m/z 237.15. For LC monitoring, absorbance was measured at 291 nm.
7.3.2.2 8-Prenylnaringenin
A previously published, validated method for the enantiospecific detection of 8PN in
biological fluids was employed (11). Briefly, the same LCMS system as described above was
used. Separation was also achieved using a Chiralpak® AD-RH column with an isocratic mobile
phase consisting of 2-propanol and 10 mM ammonium formate (pH 8.5) (40:60, v/v) and a flow
rate of 0.7 mL/min. Detection of 8PN was achieved using SIM negative mode at m/z 339.15 for
both enantiomers and positive SIM m/z at 237.15 for the internal standard (carbamazepine).
7.3.3 Animals
Surgically modified, exposed jugular vein catheterized (polyurethane-silastic blended
catheter), adult male Charles River CD (Sprague-Dawley) rats (approximately 330 g) (Charles
River Laboratories, St. Constant, Quebec, Canada) were used for the pharmacokinetic
experiments. Animals were provided free access to food and water upon arrival to the animal
care facility and were housed in alternating 12 h cycles of light and dark in a temperature- and
humidity-controlled room. Animal ethics approval was obtained from the Office of Research
Ethics and Compliance at the University of Manitoba (protocol 11-064).
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7.3.4 Pharmacokinetic studies
Animals were placed in metabolic cages 12 h prior to the experiment and fasted but
provided free access to water. On the day of the experiment the animals were administered either
a single IV bolus (10 mg/kg of racemic 6PN in 98% PEG 400 and 2% DMSO, n = 3) or
intragastric dose (25 mg/kg of racemic 6PN in 98% PEG 400 and 2% DMSO, n = 3). A series of
blood samples (0.3 mL) were collected at 0, 1, 15 and 30 min, 1, 2, 4, 6, 12, 24, 48 and 72 h post
IV dose and 0, 15 and 30 min, 1, 2, 4, 6, 12, 24, 48 and 72 h post PO dose. The cannulas were
flushed with 0.3 mL 0.9% sterile physiological saline after each collection and the dead volume
of the cannula was replaced with sterile heparin/50% dextrose catheter lock solution (SAI
Infusion Technologies, Strategic Applications, Lake Villa, IL) as per the technical sheet supplied
with the animals from Charles River (15). Following centrifugation of the blood samples, serum
was removed and stored at -20°C until further analysis. Urine was collected over the intervals 02, 2-6, 12-24, 24-48 and 48-72 h post dose and stored at -20°C until further analysis.
7.3.5 Treatment of pharmacokinetic samples
Pharmacokinetic urine and serum samples were collected and separated into two sets of
microcentrifuge tubes (total and free) with 100 μL in each. To the total samples, 20 μL of βglucuronidase (500 U/mL in 6.8 pH phosphate buffer) was added and incubated for 2 h at 37°C
(16). To all samples except 0 h, 30 μL of the internal standard was added along with 1.0 mL of
cold acetonitrile (-20°C) to precipitate proteins. The samples were vortexed and centrifuged at
14,000 rpm for 5 min. The supernatant was transferred to new microcentrifuge tubes and
evaporated to dryness using a Savant SPD1010 SpeedVac Concentrator. The residues were
reconstituted with 200 μL of mobile phase, vortexed and centrifuged 14,000 rpm for 5 min. The
supernatant was transferred to HPLC vials and 10 μL were injected into the LC-ESI-MS system.
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β-Glucuronidase specifically cleaves the sugar moiety from the parent compound
(aglycone) due to glucuronidation. The samples that underwent enzymatic hydrolysis (total
samples) were used to determine the amount of 6PN and 8PN enantiomers glucuronidated. The
samples that did not undergo enzymatic hydrolysis (free samples) were used to determine the
amount of 6PN and 8PN enantiomers remaining as aglycones (17,18). The glucuronide
concentrations of each 6PN and 8PN enantiomers were determined by calculating the difference
between the total and free sample concentrations.
The quantification of pharmacokinetic samples was based on calibration curves
constructed using the peak area ratio of the enantiomers of 6PN and 8PN to the internal standard,
against the concentrations of 6PN and 8PN enantiomers using unweighted least squares linear
regression.
7.3.6 Pharmacokinetic analysis
Pharmacokinetic samples were analyzed using Phoenix WinNonlin software (ver. 6.3;
Certara, St. Louis, MO, USA) to calculate the pharmacokinetic parameters. The concentration
time points of the animals were subjected to non-compartmental modeling. The free
concentrations of 6PN were used for modeling. The apparent decomposition rate constants (KE)
were estimated from the slopes of the log-linear phases of the serum and urine concentration vs.
time plots. The half-lives and rates of elimination were determined by applying the previously
described software with the specified parameters. The plasma and urine half-lives (t1/2) were
determined using the following equation: t1/2 = 0.693/KE. To determine the fractions of
unchanged R- and S- IX excreted in the urine (fe), the total amount of urine was divided by the
total dose of each enantiomer administered. The renal clearances (CLrenal) were determined by
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the equation: CLrenal = fe x CLtotal and hepatic clearances were determined by the equation:
CLhepatic = CLtotal – Clrenal, assuming that non-renal clearance is hepatic clearance. Bioavailability
was calculated by pairing IV and PO-dosed animals together based on body weight.
Bioavailability (% F) was calculated by the following equation % F= [(Dose IV x Area Under the
Curve PO)/(Dose PO x Area Under the Curve IV) x100]. Statistical differences between the
pharmacokinetic parameters of enantiomers were determined through the use of unpaired
student’s t-test with a value of P < 0.05 being considered statistically significant (Sigma Plot,
ver. 11.0, Systat Software, Inc., San Jose, CA, USA).
7.3.7 Assessment of renal electrolytes and enzyme
To assess the renal safety of the IV and PO doses, urine samples from the
pharmacokinetic experiments were analyzed for electrolyte and N-acetyl-β-D-glucosaminidase
(NAG) concentrations. Urine sodium and potassium concentrations of the pharmacokinetic
samples were measured using a Medica EasyRA automated clinical chemistry analyzer (Medica
Corporation, Bedford, MA, USA). NAG was measured using an assay kit for clinical chemistry
analyzers (ALPCO Diagnostics, Salem, NH, USA, cat. No. 73-1290050) on the Medica EasyRA.
Electrolyte and NAG measurements were performed in triplicate. Electrolytes were assessed in
mmol/L and NAG was assessed as U/L. Urinary excretion rates were determined using an
equation, C x V x 100/T x W, where C is the detected concentration (μmol/L for electrolytes and
U/L for NAG) in the urine samples, the total urine volume collected in mL (V), collection time
in min for electrolytes and h for NAG, and the body weight of the animal in grams (W) (19).
Urinary excretion rates were described as μmol/min/100 g body weight (B.W.) for the
electrolytes and U/H/100 g B.W. for NAG. All urine samples through 120 h post-dose were
compared to the 0 h sample (baseline) to assess significant changes in electrolyte and NAG
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excretion rates. The rates of both routes of administration at the same post-dose time were also
compared. Time points were compared using of unpaired student’s t-test with a value of P < 0.05
being considered statistically significant (Sigma Plot, ver. 11.0, Systat Software, Inc., San Jose,
CA, USA).
7.3.8 Data analysis
Compiled data were presented as mean and standard error of the mean (mean ± SEM),
Where possible, the data were analyzed for statistical significance using Sigma Plot, ver. 11.0
(Systat Software, Inc., San Jose, CA, USA). Student’s t-test was employed for unpaired samples
with a value of P < 0.05 considered statistically significant.

7.4 RESULTS AND DISCUSSION
7.4.1 Assessment of renal electrolytes and enzyme
To insure that the doses administered to the animals did not cause physiological
disruption and compromise results, renal electrolytes and an enzyme indicative of early acute
renal toxicity were assessed. Clinically, flavonoids have been reported to induce acute renal
toxicity upon a large single dose as well as chronic low doses through uptake by, accumulation
in and subsequent damage to the renal tubules (20). Furthermore, many flavonoids have been
shown to possess the ability to inhibit cyclooxygenase (COX) -1 and -2 activity and therefore
may possess non-steroidal anti-inflammatory drug (NSAID) –like activity (21). Decreased
urinary electrolyte excretion, specifically sodium and potassium, is a predominant NSAIDrelated renal side effect connected to decreased prostaglandin formation which requires COX
activity for its formation (19,22).
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Figure 7.2 displays the urinary electrolytes and NAG excretion rates for both IV and POdosed rats during the course of the experiment. Baseline potassium excretion rates were 6.43 ±
0.565 and 6.73 ± 1.51 μmol/min/100 g B.W. for IV and PO routes, respectively (Figure 7.2A).
The rates of urinary potassium excretion did not significantly differ from the baselines
throughout the study for either route of administration with the exception of 6 h post-dose IV,
which was significantly lower than baseline. However, there were no significant differences in
rates of urinary excretion between the two routes of administration when compared at the same
post-dose time. Baseline sodium excretion rates were observed to be 2.60 ± 0.379 μmol/min/100
g B.W. for IV-dosed animals and 2.26 ± 0.626 μmol/min/100 g B.W. for PO-dosed animals
(Figure 7.2B). Sodium excretion rates were found to be significantly lowered from baseline at 6,
12 and 72 h post-dose for IV dosed rats. However, sodium excretion rates were found to not
significantly differ from baseline for the remainder of the study. As with potassium excretion
rates, there was no significant differences found in rates between IV and PO-dosed rats at the
same time point in the study.
Early renal injury is poorly detected in rats using traditional methods to determine
nephrotoxicity such as serum creatinine and blood urea nitrogen (23). NAG, a lysosomal enzyme
found at high concentrations in the epithelial cells of the proximal tubules, is commonly used to
detect early renal tubular damage resulting from drug nephrotoxicity in rats (23). Baseline NAG
excretion rates were recorded at 0.00229 ± 0.000815 U/h/100 g B.W. for IV-dosed rats and
0.00262 ± 0.000979 U/h/100 g B.W. (Figure 7.2C). Neither IV- or PO-dosed rats were found to
have significantly different NAG excretion rates from baseline. However, significant differences
in NAG excretion rates were found between IV-and PO-dosed rats at 6 h post-dose where IVdosed rats were found to have a lower rate of NAG excretion than PO-dosed rats.
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Electrolyte and NAG urinary excretion rates indicate that acute renal injury likely did not
occur following a single IV bolus of 10 mg/kg IX or PO dose of 25 mg/kg 6PN. Physiological
disruption to the study from altered renal function was unlikely to have occurred as no
substantial differences in urine output were noted.
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Figure 7.2 Urinary excretion rates of: A) Potassium by IV and PO doses of IX from 0 h
(baseline) through 72 h post-dose; B) Sodium by IV and PO doses of IX from 0 h (baseline)
through 72 h post-dose; and C) NAG by IV and PO doses of IX from 0h (baseline) through 72 h
post-dose. Data expressed as mean ± SEM; n = 4 per route of administration. *Indicates
significant difference from baseline (P < 0.05). †Indicates significant difference between routes
of administration at the same post-dose time (P < 0.05).
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7.4.2 Enantiospecific pharmacokinetic of 6-prenylnaringenin
The LC-ESI-MS method was successfully applied to the enantiospecific determination
and quantification of 6PN in rat serum and urine in a pharmacokinetic study and standard curves
established linearity over the concentration range studied for the serum and urine samples. Prior
to the initiation of this study, not only was there no previously published single dose pre-clinical
pharmacokinetic study of 6PN in the literature, there were also no previously published studies
or information on the enantiospecific pharmacokinetics of 6PN or the monitoring of the
appearance of 8PN following administration of 6PN in the serum and urine. Total samples
(incubated with β-glucuronidase for E. coli type IX-A) verified the presence of at least one
glucuronidated metabolite of 6PN based on the increase in 6PN (aglycone parent compound)
concentration after enzymatic hydrolysis in both serum and urine. Glucuronidation of 6PN
parallels previous rat and human microsome studies of the hops prenylchalcone, xanthohumol
(XN) (24).
7.4.2.1 Intravenous administration
Following IV administration of racemic 6PN (10 mg/kg), the serum and urine
dispositions were examined (Figure 7.3A and Figure 7.4A and B). The serum concentration-time
profile for IV-dosed racemic 6PN demonstrated a rapid decline of the parent enantiomer
concentrations in the first 15 minutes, representing the distribution phase, which was followed by
a quick elimination of up to 2 h, after which the serum concentrations fell below detectable
concentrations (0.05 μg/mL). Neither aglycone enantiomer significantly predominated in the
serum. The serum concentration-time profiles for the glucuronidated metabolite of each
enantiomer were similar to those of the parent compounds. Formation of the glucuronidated
metabolites is rapid as they were detected within one minute post-dose in the serum. After 30
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min post-dose, the R-6PN glucuronide was not detectable in the serum but reappeared at 2 h
post-dose. The S-6PN glucuronide metabolite decreased through 30 min post-dose but then
increased through 2 h post-dose. After 2 h post-dose, as with the parent aglycones, both
glucuronide metabolites fell below detectable concentrations. Although R-6PN was not
detectable at 1 h post-dose, concentrations through 30 min post-dose and its reappearance at 2 h
post-dose were very similar to those of the S-6PN glucuronide. With the exception of 2 h postdose, the aglycones appeared to predominate in the serum over the glucuronide metabolites, but
not significantly.
Prior to the initiation of this research, serum disposition of IV-administered 6PN had not
been previously reported in the literature in any species. The serum disposition of 6PN does not
appear to match those of related compounds, 8PN and XN, reported in the literature for rats.
Legette et al. reports the serum disposition of total XN (aglycone and conjugated metabolites)
following IV administration of 1.86 mg/kg to 12 Sprague-Dawley rats (13). While aglycone and
glucuronidated concentrations of XN are not differentiated in the XN concentration time-curve,
it is evident that the overall shape of the plot does not match that of 6PN. XN is reported to have
a distribution phase of 4 h followed by a steady, slow decline in concentration through 96 h postdose, after which no more samples were taken. A secondary peak also appears at 72 h post-dose.
Our group previously reported the enantiospecific serum disposition of 8PN following a single
IV bolus of racemic 8PN (10 mg/kg) to one rat (11). While the distribution phase of the 8PN
aglycone enantiomers and glucuronide metabolites appears to be closer to that of 6PN than XN
(1 h for 8PN and 0.5 min for 6PN), 8PN aglycones and glucuronide metabolites in serum were
detected up to 12 h post post-dose. Multiple peaking was also seen in the glucuronide
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metabolites of 8PN. However, as was seen with 6PN, there appeared to be no stereospecific
predominance for the aglycones or glucuronide metabolites in the 8PN results.
Both enantiomers of 6PN as well as the glucuronide metabolites were detected in the
urine. The total urinary excretion plot (Figure 7.4A) indicated that both enantiomers of 8PN are
predominately excreted as the aglycone. Both the aglycones and glucuronide metabolites appear
to be mostly excreted by 24 h post-dose but steadily increased through 48 h post-dose.
Disposition appears to be significantly different between aglycone enantiomers with S-6PN
predominating in urinary excretion over R-6PN. Total S-6PN excreted in the urine was nearly
double that of R-6PN (40.9 μg for S-6PN and 21.3 μg for R-6PN. While the S-6PN glucuronide
metabolite predominated in excretion over the R-6PN glucuronide metabolite, it was not
significant. The rate of urinary excretion plot (Figure 7.4B) indicated that the 6PN aglycones and
glucuronides have similar changes in rates of excretion as indicated by parallel slopes. The
aglycones, especially S-6PN, were eliminated at greater rates than the glucuronides for the
duration of the study. Different rates of urinary excretion were found over the first 24 h postdose for the glucuronide metabolite enantiomers but after 24 h, rates became similar.
As previously mentioned, there have been no single-dose IV pharmacokinetic studies of
6PN in the literature for any species and therefore no urinary disposition has been recorded. The
only IV urinary disposition reported for related compounds is by our group for the
enantiospecific urinary disposition of 8PN in a single rat receiving an IV bolus of racemic 8PN
(10 mg/kg) (11). The aglycone was the predominant form of 8PN excreted in the urine for both
enantiomers as well as for 6PN enantiomers. The S-8PN aglycone was the principle aglycone
enantiomer excreted in the urine but there appeared to be no enantiomeric differences in
glucuronide excretion. The S-6PN aglycone was also found to be the principle aglycone
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enantiomer excreted in the urine and while the S-6PN glucuronide conjugate appeared to be
excreted at a greater concentration than the R-6PN aglycone, it was not found to be significant.
The 8PN study revealed that 8PN enantiomers in glucuronide and aglycone form were
predominately excreted by 48 h post-dose although excretion gradually continued through 120 h
post-dose. 6PN was found to be primarily excreted by 24 h post-dose with excretion gradually
increasing through 48 h post-dose. Of interest to note is that despite both studies administering
10 mg/kg of 6PN or 8PN, with just the difference of the prenyl group location, the R-6PN
aglycone was excreted in the urine at 1.64 times greater than that of the R-8PN aglycone and the
S-6PN aglycone was excreted in the urine at 2.41 times greater than that of S-8PN aglycone. The
R-6PN glucuronide was excreted at 6.7 times greater than that of the R-8PN glucuronide and the
S-6PN glucuronide was excreted at 10.6 times greater than that of the S-8PN glucuronide.
Table 7.1 summarizes the pharmacokinetic parameters exhibited by the free
(unconjugated aglycone) enantiomers of 6PN following an IV dose of 10 mg/kg of racemate.
The total serum clearances for R- and S-6PN were determined to be 2.23 ± 1.27 and 3.06 ± 1.77
L/h/kg, respectively. The fractions excreted unchanged in the urine (fe) for R- and S-6PN were
1.24 ± 0.306 and 2.39 ± 0.713%, respectively, indicating that both enantiomers are excreted
predominately via non-renal routes. Renal clearance (CLrenal) was determined to be 0.0163 ±
0.00438 L/h/kg for R-6PN and 0.0431 ± 0.0154 L/h/kg for S-6PN. Hepatic clearance (CLhepatic =
CLtotal – Clrenal) was determined to be 2.21 ± 1.27 L/h/kg for R-8PN and 3.02 ± 1.76 L/h/kg for S6PN, assuming that non-renal clearance is hepatic clearance. Volumes of distribution (Vd) for R6PN and S-6PN were determined to be 1.75 ± 0.823 L/kg and 2.37 ± 1.22 L/kg, respectively.
Both enantiomers had volumes of distribution more than two times greater than total body water
of the rat, 0.7 L/kg (25), suggesting that the enantiomers, when administered intravenously, are
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distributed throughout the body. The mean area under the curve (AUC), representing the total
amount of exposure in the serum over time, was 6.05 ± 2.82 and 5.66 ± 2.99 μg*h/mL for R- and
S-6PN, respectively. The serum half-lives of the enantiomers were found to be 0.688 ± 0.264 h
for R-6PN and 0.532 ± 0.164 h for S-6PN. Urine half-lives of the enantiomers were determined
to be 16.9 ± 8.61 and 14.9 ± 10.7 h, for R- and S-6PN, respectively. None of the IV
pharmacokinetic parameters for the enantiomers were found to be significantly different form
one another (P > 0.05).
No IV pharmacokinetic studies for 6PN exist in the literature but IV 6PN parameters best
match those reported by our research group for a single IV bolus dose of racemic 6PN (10
mg/kg) (11). We report the enantiospecific parameters of 8PN using only the aglycone data using
non-compartmental modeling in accordance with the 6PN parameters reported in this study. The
reported AUCs for 6PN and 8PN demonstrate variance with the 6PN values much smaller than
those for 8PN. We report 6PN to have an AUC of 6.05 μg*h/mL for R-6PN and 5.66 μg*h/mL
for S-6PN whereas R-8PN was reported to have an AUC of 42.8 μg*h/mL and 44.5 μg*h/mL for
S-8PN. Volumes of distribution between 6PN and 8PN appear to be similar but 6PN was found
to have larger volumes of distribution (1.75-2.37 L/kg for 6PN and 1.67 L/kg for 8PN). Total
clearances for 8PN enantiomers were found to be smaller than those of 6PN at 0.113 and 0.109
L/h/kg for R- and S-8PN, respectively. Another difference in parameters between 8PN and 6PN
is reported serum half-life. The half-lives for IV-dosed 8PN were much longer at 10.2 and 10.6 h
for R- and S-8PN, respectively. R- and S-6PN were found to only have serum half-lives of 0.688
and 0.532 h, respectively. 6PN enantiomers were also found to have higher fractions excreted
unchanged in the urine (fe) than fe’s for 8PN (0.522% for R-8PN and 0.981% for S-8PN). 6PN
enantiomers were found to have fe’s of 1.24% and 2.39% for R- and S-6PN, respectively, which
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is in accordance with the observed differences in the total amount of aglycones excreted in the
urine between 6PN and 8PN (1.64-2.41 fold increase in the amount of 6PN aglycones). 6PN may
be cleared to a greater extent by the kidney than 8PN whereas 8PN may undergo more hepatic
clearance the 6PN.
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Figure 7.3 Concentrations of R- and S-6PN and glucuronidation metabolites in rat serum
following: A) IV administration of racemic 6PN (10 mg/kg) and; B) PO administration of
racemic 6PN (25 mg/kg). Data expressed as mean ± SEM; n = 4 per route of administration.
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Figure 7.4 A) Total cumulative amount of R- and S-6PN and glucuronidated metabolites in urine
over 72 h after IV administration of racemic 6PN (10 mg/kg); B) Rate of excretion of R- and S6PN and glucuronide metabolites in urine over 72 h after IV administration of 6PN (10 mg/kg);
C) Total cumulative amount of R- and S-6PN and glucuronidated metabolites in urine over 72 h
after PO administration of racemic 6PN (25 mg/kg); and D) Rate of excretion of R- and S-6PN
and glucuronidated metabolites in urine over 72 h after PO administration of racemic 6PN (25
mg/kg). Data expressed as mean ± SEM, n = 4 per route of administration.
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Table 7.1 Stereospecific pharmacokinetic parameters of 6-prenylnaringenin in the rat, n = 4 per
route of administration.
Pharmacokinetic
Parameter
AUCinf (μg*h/L)
Vdβ (L/kg)
ƒe (%)
CLtotal (L/h/kg)
CLrenal (L/h/kg)
CLhepatic (L/h/kg)
t1/2 (h) serum
t1/2 (h) urine
MRT (h)
Bioavailability (%)

Intravenous (mean ± SEM)

Oral (mean ± SEM)

R-6-Prenylnaringenin

S- 6-Prenylnaringenin

R-6-Prenylnaringenin

S- 6-Prenylnaringenin

6.05 ± 2.82
1.75 ± 0.823
1.24 ± 0.306
2.23 ± 1.27
0.0163 ± 0.00438
2.21 ± 1.27
0.688 ± 0.264
16.9± 8.61
0.475 ± 0.280
-

5.66 ± 2.99
2.37 ± 1.22
2.39 ± 0.713
3.06 ± 1.77
0.0431 ± 0.0154
3.02 ± 1.76
0.532 ± 0.164
14.9 ± 10.7
0.342 ± 0.244
-

10.5 ± 2.76
186 ± 79.9
0.127 ± 0.0742
1.43 ± 0.383

29.7 ± 18.6
180 ± 1.90
3.23 ± 1.57
0.697 ± 0.438
0.0125 ± 0.00893
0.685 ± 0.430
298 ± 190
46.2 ± 9.21
431 ± 274
36.9 ± 3.59

0.00166 ± 0.00102

1.43 ± 0.383
83.1 ± 35.1
59.0 ± 9.09
120 ± 50.6
25.9 ± 20.8

7.4.2.2 Oral administration
Following PO administration of racemic 6PN (25 mg/kg), the serum and urine
dispositions were examined (Figure 7.3B and Figure 7.4C, D). The serum concentration-time
profile for PO dosing indicates that the average time to reach maximum serum concentration
(Tmax) was 0.25 ± 0.00 h for R-6PN and 0.625 ± 0.375 h for S-6PN. The highest concentrations
of 6PN observed in serum following dosing were 0.201 ± 0.151 μg/mL for R-6PN and 0.07001 ±
0.00037 μg/mL for S-6PN. The glucuronidated metabolites appeared rapidly within 15 min postdose along with the parent aglycones. 6PN enantiomers were detected at similar concentrations
as both aglycones and glucuronide metabolites. After 30 min post-dose, the parent compounds
began to decline. After 1 h post-dose, both aglycone enantiomers increased in concentration at 2
h post-dose and then decreased through 4 h post-dose. At 6 h post dose, the R-6PN aglycone
increased in concentration and then decreased. The S-6PN aglycone fell below detectable
concentrations at 6 h post-dose and R-6PN aglycone concentrations fell below detectable
concentrations at 12 h post-dose. There were no significant differences in disposition of the
aglycone enantiomers except at 12 h post-dose when only S-6PN could be detected. After 15 min
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post-dose, both glucuronide metabolites decreased in concentration only to increase at 1 h postdose. Concentrations decreased again after 1 h post-dose but substantially increased at 4 h postdose for the R-6PN glucuronide metabolite and increased at 6 h post-dose for the S-6PN
glucuronide metabolite. After 4 h post-dose, the R-6PN glucuronide metabolite decrease through
6h before increasing again at 12 h post-dose. Both glucuronide metabolites fell below detectable
concentrations after 12 h post-dose. For the glucuronide enantiomers, S-6PN was present at
greater concentrations in the serum than R-6PN at 1 and 6 h post dose but concentrations were
not significantly different at other time points throughout the study.
Similar to serum disposition following a single IV bolus of 6PN, there are no studies in
the literature which evaluated the pharmacokinetic disposition of 6PN following a single PO
dose of the pure compound in any species. van Breemen et al. reports the serum disposition of
total (aglycone and conjugated metabolites) 6PN as well at total IX, XN and 8PN in women
following oral dosing of a standardized extract of hops prenylflavonoids at low, medium and
high dosages (1.30, 2.60 and 5.20 mg of 6PN, respectively) (12). van Breemen et al. reports
multiple peaking for 6PN (12) and other studies in both humans and rats have found multiple
peaking for hops flavonoids when administered orally as well (13,14,26). These previous studies
have all attributed multiple peaking to enterohepatic recirculation. van Breemen et al. reports
multiple peaking of 6PN at 6, 7, 10 and 12 h post-dose (12). We observed secondary peaks at 2
and 6 h post-dose for the R-6PN aglycone, at 2 h post-dose for S-6PN aglycone, at 1 and 4 h
post-dose for the R-6PN glucuronide metabolites and at 1 and 6 h post-dose for the S-6PN
glucuronide metabolites. The importance of monitoring not only enantiomers but also aglycones
and conjugated metabolites is highlighted as only monitoring total concentrations may obscure
overall differences in disposition, especially multiple peaking of both aglycones and metabolites.
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van Breemen et al. reported Tmax values for total 6PN to be between 1.8 ± 1.9 h and 7.5 ± 3.5 h,
depending on dose administered (12). These Tmax values for total 6PN when co-administered
with XN, IX and 8PN were much longer than those found in our study when 6PN was
administered by itself (Tmax values for free 6PN between 0.25-0.625 h). However, van Breemen
did report that with increasing doses of 6PN, Tmax decreased (the largest dose of 6PN
administered was 5.20 mg) (12).
Both enantiomers of 6PN as well as the glucuronide metabolites were detected in the
urine following PO administration of racemic 6PN. The total urinary excretion plot (Figure 7.4C)
indicated that both enantiomers of 6PN are primarily excreted as aglycones in the urine. Both the
aglycones and glucuronidated metabolites continued to be excreted through 72 h post-dose.
While both the aglycone and glucuronide metabolite form of S-6PN appeared to predominate
over the R-6PN aglycone and glucuronide metabolite in total excretion, the differences are not
significant. The rate of urinary excretion plot (Figure 7.4D) indicates that R- and S-6PN
aglycones have similar changes in rates of excretion as indicated by their parallel slopes.
However, over the first 24 h, the changes in rates of excretion are different between the R- and S6PN glucuronide metabolites. Rate of excretion for the R-6PN glucuronide is greatest within 2 h
post-dose whereas the maximum rate of excretion for S-6PN glucuronide occurs at 6 h post-dose.
The aglycones are excreted at greater rates than the glucuronidated metabolites and the S-6PN
enantiomer is excreted at greater rates than the R-6PN enantiomer for both the aglycone and
glucuronide forms, but not significantly.
There are no previous reports of urine disposition over time for 6PN in the literature.
However, van Breemen et al. collected samples prior to initiation of the experiment and then
again at 24 h at the end of the experiment and found that 6PN was only detectable as a
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glucuronide metabolite (12). This is quite contradictory to our finding that the majority of 6PN
was excreted in the urine in aglycone form. In our study, rats received 25 mg/kg of racemic 6PN
which is substantially higher than doses administered in the human pharmacokinetic study. van
Breemen et al. did not disclose the average weight of study subjects but assuming that the
average weight of an adult human is 70 kg, 0.0186 mg/kg, 0.0371 mg/kg and 0.0743 mg/kg were
administered as the low, medium and high doses for 6PN (12). While van Breemen et al. reports
that there was no change in the percentage of conjugated metabolites excreted in the urine in
relation to total compound excretion in the urine with increasing dose (12), a single dose
pharmacokinetic study of 8PN administered to post-menopausal women reported that total
percentage of the dose excreted as a glucuronide conjugate in the urine decreases as dose
increases (26). Assuming lack of species differences in pharmacokinetic disposition and that that
high doses of 6PN do in fact correlate with decreased conjugation, then it may be expected to
find a substantial increase in the percentage of aglycones excreted in the urine in comparison to
total excretion (glucuronide conjugates and parent aglycones) at 25 mg/kg 6PN in the rat (1,340
to 336 greater than the dose administered to humans in van Breemen, et al.). However, this
metabolite disposition should be further investigated and clarified.
Table 7.1 summarizes the pharmacokinetic parameters exhibited by the free
(unconjugated aglycone) enantiomers of 6PN following administration of 25 mg/kg racemic 6PN
PO. The total serum clearances of R- and S-6PN were determined to be 1.43 ± 0.383 and 0.697 ±
0.438 L/h/kg, respectively. The mean fraction excreted unchanged in the urine (fe) for R-6PN
was 0.127 ± 0.0742% and 3.23 ± 1.57% for S-6PN indicating that both enantiomers are primarily
excreted via non-renal routes. Renal clearance (CLrenal) was determined to be 0.00166 ± 0.00102
L/h/kg for R-6PN and 0.0125 ± 0.00893 L/h/kg for S-6PN and hepatic clearance (CLhepatic =
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CLtotal – Clrenal) was determined to be 1.43 ± 0.383 L/h/kg and 0.685 ± 0.430 L/h/kg for S-6PN,
assuming that non-renal clearance is hepatic clearance. Volumes of distribution for R- and S-6PN
were determined to be 186 ± 79.9 and 180 ± 1.90 L/kg, respectively. Both enantiomers had
volumes of distribution more than 250 times greater than total body water of a rat suggesting that
the enantiomers, when dosed orally, are highly distributed throughout the body. The mean area
under the curve (AUC), representing the total amount of exposure in the serum over time, was
10.5 ± 2.76 and 29.7 ± 18.6 μg*h/mL for R- and S-6PN, respectively. The oral bioavailabilities
of R- and S-6PN were determined to be 25.9 ± 20.8% and 36.9 ± 3.59%, respectively. The serum
concentrations of R- and S-6PN were found to be variable but long following oral administration
with mean elimination half-lives of 83.1 ± 35.1 and 298 ± 190 h, respectively. The urine halflives of the enantiomers were found to be 59.0 ± 9.09 h for R-6PN and 46.2 ± 9.21h for S-6PN.
No oral pharmacokinetic parameters for the enantiomers were found to be significantly different
form one another (P > 0.05).
As previously mentioned, no single-dose oral pharmacokinetic data for 6PN currently
exists in the literature in any species. van Breemen et al. reports the oral pharmacokinetics of
total (parent aglycone compound and glucuronide metabolites) 6PN at low, medium and high
doses co-administered with three other hops prenylflavonoids (12). Presently, there exists no
report of absolute bioavailability of 6PN in the literature. The only other report of absolute
bioavailability for related hop prenylflavonoids in the literature at the writing of this thesis was
for the chalcone, XN in rats, which was found to be between 11-33% (13). However,
pharmacokinetic calculations were performed using total (aglycone and conjugate)
concentrations which may have skewed pharmacokinetic parameters.
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7.4.3 Enantiospecific detection of 8-prenylnaringenin following intravenous and oral
administration of 6-prenylnaringenin
A previously published, validated method for the enantiospecific detection of 8PN (11)
was applied to the determination and quantification of R- and S-8PN in rat serum and urine
following IV (10 mg/kg, n = 4) and PO (25 mg/kg, n = 4) administration of racemic 6PN. 8PN
was not found at detectable concentrations in any serum or urine pharmacokinetic samples
following either IV or PO administration of 6PN. While it has been previously reported, without
scientific investigation, by another research group in two publications (13,14) that 6PN can
spontaneously and reversibly convert into 6PN via the unstable prenylchalcone intermediate,
DMX, no detectable concentrations of 8PN were found in this study. It is unlikely that 6PN
spontaneously converts to 8PN in vivo. No evidence of instability of 6PN under physiological
conditions was found in any of our investigations.

7.5 CONCLUSIONS
A pre-clinical enantioselective pharmacokinetic disposition study of 6PN in rats was
carried out. Previously, no studies in the literature had investigated the pharmacokinetics of 6PN
following a single dose and no study had monitored the spontaneous conversion of 6PN to 8PN
in vivo. This is also the first study to report the enantioselective pharmacokinetic disposition of
6PN. The doses administered were found to be well tolerated and did not appear to alter renal
function through changes in urinary electrolytes or increase a proximal tubular biomarker of
early renal damage in rodents. Multiple peaking as observed in the serum was consistent with a
report in humans in the literature as well as other reports for related hop prenylflavonoids in rats
and humans. Absolute bioavailability of 6PN was determined to be between 25.9% (R-6PN) and
36.9% (S-6PN). Differences in pharmacokinetic parameters between enantiomers were found but
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were not statistically different for either route of administration (P < 0.05). The S-6PN aglycone
was found to be the enantiomer predominately excreted in urine following both routes of
administration. When 6PN pharmacokinetic samples were analyzed for 8PN, it was not found at
detectable concentrations in serum or urine. It is unlikely that 6PN spontaneously converts to
8PN in vivo. Additional experiment and clinical investigations to further characterize the
enantiospecific pharmacokinetics, pharmacological and toxicological activities of 6PN are
warranted given the pharmacokinetic disposition differences observed in these experiments.
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8.

IN VITRO PHARMACODYNAMIC CHARACTERIZATION OF SELECT CHIRAL
PRENYLFLAVANONES: ISOXANTHOHUMOL, 8-PRENYLNARINGENIN AND 6PRENYLNARINGENIN

8.1 ABSTRACT
Isoxanthohumol (IX), 6-prenylnaringenin (6PN) and 8-prenylnaringenin (8PN) are
naturally occurring prenylflavonoids containing a single chiral carbon center most commonly
found in hops (Humulus lupulus L.) and hop-containing products such as beer and natural health
products. Flavonoids often exhibit polypharmacological mechanisms but this group has primarily
been investigated for anti-cancer and estrogenic properties. Thus, additional investigations for
novel bioactivities are justified. In this study, the anti-oxidant, anti-diabetic, anti-inflammatory
and cytochrome P450 inhibitory activities of racemic IX, 6PN and 8PN along with R-8PN and S8PN were investigated. Anti-oxidant, cyclooxygenase (COX) inhibition, lipoxygenase (LOX)
inhibition, dipeptidyl peptidase IV (DPP (IV)) inhibition and P450 (CYP2C9, 1A2, 2D6 and
3A4) inhibition were investigated using commercially available assay kits. α-Glucosidase and αamylase inhibitions were assessed using simple colorimetric assays. IX, 6PN and 8PN appeared
to show mild anti-oxidant activity. These compounds possess anti-inflammatory activity and
likely act through COX inhibition as opposed to LOX inhibition. 6PN and 8PN appeared to be
display COX-2 inhibition selectivity whereas IX appeared to non-selectivity inhibit both COX
isoforms. 8PN may provide some post-prandial hyperglycemia reduction through α-glucosidase
and α-amylase inhibition but not through DPP (IV) inhibition. The compounds of interest may be
capable of causing drug-botanical interactions, especially through CYP2C9 and 3A4-mediated
inhibitory routes. Enantiomeric differences between R- and S-8PN were found in COX, αglucosidase, α-amylase and P450 inhibition suggesting in most cases that the enantiomers act
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synergistically to increase bioactivity when combined in the racemate. Further investigations into
the therapeutic potential and safety of these compounds and their enantiomers in other in vitro
and in vivo models of disease in humans and animals are warranted.
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8.2 INTRODUCTION
Consumption of fruits and vegetables have been linked to reduced incidence of several
chronic diseases increasingly plaguing Western populations as longevity increases and there is
now substantial interest in the role of plant secondary metabolites, especially polyphenols such
as flavonoids, as protective dietary agents (1). Over the last thirty years of polyphenol research,
literature focus has narrowed from broad investigations of plants, to polyphenol groups, onto
subclasses and finally to individual compounds with respect to identifying active constituents
(2). Earlier studies investigating the broader groups of polyphenols or whole plants made it
difficult to pinpoint and subsequently optimize bioactive constituents to maximize observed
benefits. Studying flavonoids to identify target compounds for development is further
complicated by the fact that there are over 4,000 flavonoids presently identified broken up into
six different subclasses of which chiral forms and metabolites may exist creates difficulties in
further development of this group of compounds compared to traditional pharmaceuticals (2).
When compounds with similar pharmacological actions are administered together, the
combined effect may be predicted by additivity if the compounds are equally active. However,
the effect of a combination of some compounds, such as enantiomers, may lead to exaggerated,
or synergistic pharmacological effects, or reduced effects, termed as sub-additive or antagonistic
effect (3). Individual compounds may contribute differently to the pharmacological effect in each
of these cases and pharmacological activity that is not additivity is suggestive of an alternative
interaction occurring when compounds are combined together. Therefore, understanding the role
of each flavonoid enantiomer in a pharmacological activity as well as the racemate is important
as is understanding pharmacological differences between the aglycone and glycosides.
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Flavonoids are plant secondary metabolites that are produced by a plant as a response to
environmental stressors such as an attack from another organism, or more simply, they are toxins
produced by the plant. To further complicate pharmacological investigations of natural products,
particularly flavonoids, hormetic responses in bioactivity screening assays can sometimes be
observed (4). Hormesis is a well-known phenomenon in toxicology and is defined as a biphasic
dose-response whereby low doses of a compound result in a desirable effect or stimulation (such
as anti-oxidant activity) and higher doses result in an undesirable effect or inhibition (such as
pro-oxidant activity) (5). Hormetic dose-responses can take many shapes and cannot be captured
by a single, simple model making the response difficult to study (6).
Traditionally, flavonoids have been thought to exhibit their biological activities primarily
through their abilities to act as free radical scavengers with lipid peroxidation as their primary
target in cellular metabolism. However, there is some evidence that observed anti-oxidant
activity may be the result of indirect inhibition of pro-oxidant enzymes and increased nitric oxide
production as opposed to free-radical scavenging (7). Flavonoids are also known to be
polypharmacological agents meaning that they may have multiple mechanisms of action as their
unique scaffold allows them to have balanced rigidity and flexibility enabling them to adapt to
different enzyme structures and bind to various proteins (8). In this study, the anti-oxidant
capacity, cyclooxygenase-1 and -2 (COX-1 and -2) inhibition, lipoxygenase inhibition (LOX), αglucosidase inhibition, α-amylase inhibition, dipeptidyl peptidase-4 (DDP (IV) inhibition and
cytochrome P450 inhibition of racemic isoxanthohumol (IX), 6-prenylnaringenin (6PN), 8prenylnaringenin (8PN) as well as the R- and S- enantiomers of 8PN are described and
compared.

282

8.3 MATERIALS AND METHODS
8.3.1 Hops prenylflavanones
Racemic 6PN analytical standard was purchased from Cerilliant Corporation (Round
Rock, TX, USA). Racemic IX and 8PN (analytical standards) were purchased from Orgentis
Chemical CmbH (Gatersleben, Germany). Racemic 8PN was separated into R- and S-8PN
through custom separation by Chiral Technologies (Westchester, PA, USA) and purities were
confirmed to be <98%.
8.3.2 Anti-oxidant activity
8.3.2.1 Chemicals and reagents
The ABTS anti-oxidant assay was measured through a commercially available
spectrophotometry kit purchased from Cayman Chemical Company (cat. No. 709001, Ann
Arbor, MI, USA). DMSO was purchased from Sigma-Aldrich (St. Louis, MO, USA).
8.3.2.2 Anti-oxidant capacity using ABTS method
For this assay, racemic IX, 8PN and 6PN were dissolved in DMSO on the day of the
experiment to yield concentrations of 1, 5, 10 50 and 100 μg/mL. No further dilutions in media
were employed. 10 μL of sample was combined with 10 μL of metmyoglobin and 150 μL of
chromogen. Then, 40 μL of hydrogen peroxide working solution was added within one minute to
all of the samples. The plate was covered and incubated on a shaker for 5 minutes at room
temperature (23 ± 1°C), and the absorbance was measured at 750 nm (Synergy HT Multi-Mode
Microplate Reader with Gen5™ data analysis software, Biotek® Instruments Inc., Winnoski, VT,
UA).
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8.3.3 Anti-inflammatory activity
8.3.3.1 Cyclooxygenase-1 and -2 inhibitory activity
8.3.3.1.1 Chemicals and reagents
The cyclooxygenase-1 (COX-1) and -2 inhibitory activities were measured through a
commercially available kit utilizing UV-spectrometry purchased from Cayman Chemical
Company (COX Inhibitor Screening Assay Kit, cat. No. 560131, Ann Arbor, MI, USA). DMSO,
ibuprofen, etodolac and carprofen were purchased from Sigma-Aldrich (St. Louis, MO, USA).
8.3.3.1.2 Cyclooxygenase reactions
Several different reactions must be performed to act as background and initial activity
controls in addition to the COX-1 and -2 reactions. The steps for each reaction are detailed
below.
a. Background tubes: COX-1 and -2 were inactivated by transferring 20 μL of each isoform and
placing it in boiling water for 3 min. The inactivated enzymes were used to generate the
background values. Then, 970 μL of reaction buffer, 10 μL of heme and 10 μL of inactive
COX-1 and -2 are mixed.
b. COX-1 100% initial tubes: 950 μL of reaction buffer, 10 μL of heme, and 10 μL of COX-1
were added to labeled tubes (performed in duplicate).
c. COX-1 samples: 950 μL of reaction buffer, 10 μL of heme and 10 μL of COX-1 were added
to labeled tubes (performed in sextuplicate).
d. COX-2 100% initial activity tubes: 950 μL of reaction buffer, 10 μL of heme and 10 μL of
COX-2 were added to labeled tubes (performed in duplicate).
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e. COX-2 samples: 950 μL of reaction buffer, 10 μL of heme and 10 μL of COX-2 were added
to labeled tubes (performed in sextuplicate).
To the COX-1 and -2 samples, 20 μL of racemic IX, 8PN and 6PN along with R-8PN and
R-8PN in DMSO were added. The non-steroidal anti-inflammatory drugs (NSAIDs), ibuprofen,
etodolac and carprofen, were also dissolved into DMSO and added at 20 μL. To the 100% initial
activity tubes, 20 μL of the reaction buffer was added. All tubes were incubated for 10 minutes at
37°C to allow incubation with the inhibitor (prenylflavanones and NSAIDs) and COX enzyme.
The reaction was initiated by adding 10 μL of arachidonic acid to all test tubes. Tubes were
vortexed and incubated for another 2 min at 37°C. To stop enzyme catalysis, 50 μL of 1M
hydrochloric acid was added to each tube. Finally, 100 μL of saturated stannous chloride solution
was added to each test tube and tubes were vortexed. Tubes were incubated for another 5 min at
room temperature (23 ± 1°C). Stannous chloride reduces prostaglandin H2 produced in the COX
reaction to a more stable prostaglandin, F2α.
Following the above reaction steps, an enzyme immunoassay (EIA) was used to measure
the prostaglandin F2α produced. Each COX sample as well as the 100% initial activity samples
were diluted 1:4000 to allow for proper range quantification. The 96-well ELISA plates were
arranged to contain the appropriate blanks, a prostaglandin standard curve, background samples,
100% initial activity samples and the COX-1 and -2 samples. All samples were run in duplicate.
The appropriate reagents were added to each well according to the assay kit protocol. These
reagents included prostaglandin screening AChE tracer and prostaglandin screening anti-serum.
50 μL of each diluted sample was added to the appropriate well. The plate was covered and
incubated for 18 h at room temperature (23 ± 1°C). Plates were then developed by adding 200 μL
of Ellman’s Reagent to each well. The plates were covered, protected from light and placed on
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an orbital shaker for 60 min to develop. The absorbance was read between 415 nm (Synergy HT
Multi-mode Microplate Reader with Gen5™ data analysis software, Biotek® Instruments Inc.,
Winnoski, VT, USA).
The IC50 values for each compound’s COX-1 and COX-2 inhibitory activities were
modeled using Phoenix® WinNonlin software (ver. 6.3, Centara USA, Inc., St. Louis, MO,
USA).
8.3.3.2 Lipoxygenase inhibitory activity
8.3.3.2.1 Chemicals and reactions
The lipoxygenase (LOX) inhibitory activity was measured through the use of a
commercially available kit utilizing UV-spectrometry purchased from Cayman Chemical
Company (Lipoxygenase Inhibitor Screening Assay Kit, cat. No. 760700, Ann Arbor, MI, USA).
DMSO was purchased form Sigma Aldrich (St. Louis. MO, USA).
8.3.3.2.2 Lipoxygenase reaction
For this assay, racemic IX, 6PN and 8PN as well as R-8PN and S-8PN were dissolved in
10% DMSO and 90% assay buffer on the day of the experiment to yield concentrations of 1, 10
and 250 μg/mL. Using a 96-well plate, 90 μL of LOX enzyme and 10 μL of sample were added
to each well. Positive control wells contained 90 μL of 15-lipoxygenase standard, 10 μL of 90%
assay buffer and 10% DMSO. 100% Initial activity wells contained 90 μL of LOX, 10 μL of
90% assay buffer and 10% DMSO. Blank wells were also employed. To the 100% initial activity
wells and inhibitor wells, 10 μL of linoleic acid was added. The plate was covered and placed on
an orbital shaker for 5 min. 100 μL of chromogen was added to each well to stop enzyme
catalysis and develop the reaction. The plate was then covered and placed back on the orbital
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shaker for another 5 min. Hydroperoxides produced by the lipoxygenation reaction are measured.
Plates were then read at 490 nm (Synergy HT Multi-mode Microplate Reader with Gen5™ data
analysis software, Biotek® Instruments Inc., Winnoski, VT, USA). All reactions and plate
reading were carried out at room temperature (23 ± 1°C).
8.3.4 Anti-diabetic activity
8.3.4.1 α-Glucosidase inhibition
8.3.4.1.1 Chemicals and reagents
α-Glucosidase from Saccharomyces cerevisiae, p-nitrophenyl α-D-glucopyranoside
(PNPG), phosphate buffer and DMSO were purchased from Sigma-Aldrich (St. Louis, MO,
USA).
8.3.4.1.2 α-Glucosidase reaction
Inhibition of α-glucosidase was determined through a colorimetric assay adapted and
modified from the method presented by Tadera et al. (9). The assay uses PNPG, which is
specifically hydrolyzed by α-glucosidase into a yellow-colored product (p-nitrophenol). For this
assay, racemic IX, 6PN and 8PN as well as R-8PN and S-8PN were dissolved in DMSO to create
concentration ranges from 0 to 200 μg/mL. 160 μL of 100 mM phosphate buffer (pH 6.8), 25 μL
of 20 mM PNPG in phosphate buffer and 10 μL of inhibitors in DMSO were added to wells of a
96-well plate (10 μL DMSO was added to the control wells). The plate was incubated at 30°C for
5 min and then 10 μL of the phosphate buffer containing 0.02 mg/mL of α-glucosidase was
added to each well. The plate was further incubated for 5 min. 20 μL of 3.25 M sodium
hydroxide was added to each well to stop the reaction. The plate was immediately read at 410 nm
at room temperature (23 ± 1°C) to measure the liberated p-nitrophenol (Synergy HT Multi-mode
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Microplate Reader with Gen5™ data analysis software, Biotek® Instruments Inc., Winnoski,
VT, USA).
8.3.4.2 α-Amylase inhibition
8.3.4.2.1 Chemicals and reagents
α-Amylase from porcine pancreas type VI-B and 4-nitrophenyl α-D-glucopyranoside, 4(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Amylase HR reagent was purchased from Megazyme International
Ireland (Wicklow, Ireland).
8.3.4.2.2 α-Amylase reaction
Inhibition of α-amylase was determined through a colorimetric assay also adapted and
modified form the method presented by Tadera et al. (9). A synthesis substrate, non-reducingend-blocked p-nitrophenyl maltoheptaoside (BPNPG7), commercially prepared as amylase HR
reagent, which is hydrolyzed specifically by α-amylase into p-nitrophenol maltosaccharide is
employed. The α-glucosidase present in the amylase HR reagent then converts the new substance
into p-nitrophenol. Racemic IX, 6PN and 8PN as well as R-8PN and S-8PN were dissolved in
methanol to create concentration ranges from 0 to 200 μg/mL. 100 μL of amylase HR reagent
(prepared following directions accompanying the reagent) and 40 μL of inhibitor in methanol
were added to a 96-well plate (40 μL of methanol was added to control wells). The plate was
incubated at 5 minutes at 37°C and then 60 μL of 0.1 mg/mL α-amylase in 0.1 M HEPES buffer
(pH 6.9) was added to the reaction mixture. After further incubation at 37°C for 10 min, 20 μL of
3.25 M sodium hydroxide was added to each well to stop the reaction. The plate was
immediately read at 410 nm at room temperature (23 ± 1°C) to measure the liberated p-

288

nitrophenol (Synergy HT Multi-mode Microplate Reader with Gen5™ data analysis software,
Biotek® Instruments Inc., Winnoski, VT, USA).
8.3.4.3 Dipeptidyl peptidase IV inhibition determination
8.3.4.3.1 Chemicals and reagents
The dipeptidyl peptidase IV (DPP (IV)) inhibitory activity was measured through the use
of a commercially available kit utilizing a fluorescence-based method purchased from Cayman
Chemical Company (DPP (IV) Inhibitor Screening Assay Kit, cat. No. 700210, Ann Arbor, MI,
USA). DMSO was purchased form Sigma Aldrich (St. Louis. MO, USA).
8.3.4.3.2 Dipeptidyl peptidase IV reaction
The assay uses a fluorogenic substrate, gly-pro-aminomethylcoumarin to measure DPP
(IV) activity. DPP (IV) cleaves the peptide bond to release free fluorescent
aminomethylcoumarin. Racemic 8PN, R-8PN and S-8PN were dissolved in DMSO to yield a
concentration range from 0 to 100 μg/mL. 30 μL of assay buffer, 10 μL of DPP (IV) and 10 μL
of inhibitor in DMSO were added to wells of a 96-well plate (10 μL of DMSO was added to
initial activity wells). Background wells included 40 μL of assay buffer and 10 μL of DMSO. 50
μL of substrate was added to all wells. The plate was incubated at 37°C for 30 minutes and
fluorescence was immediately read using an excitation wavelength of 350-360 nm and emission
wavelength of 450-465 nm at room temperature (23 ± 1°C) using the Synergy HT multi-well
plate reader and Gen5™ data analysis software (Biotek Instruments Inc., Winnoski, VT, USA).
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8.3.5 Cytochrome P450 inhibition
8.3.5.1 Chemicals and reagents
P450 inhibitory activities were measured through the use of commercially available assay
kits utilizing cDNA-expressed human P450 enzymes in insect microsomes. The following P450
inhibitor screening kits were purchased form Life Technologies (Carlsbad, CA, USA); Vivid®
CYP3A4 green (cat. no. P2857), Vivid® CYP2C9 green (cat. no. P2860), Vivid® CYP1A2 blue
(cat. no. P2963) and Vivid® CYP2D6 blue (cat. no. P2972). α-Naphthoflavone was purchased
from Sigma-Aldrich (St. Louis, MO, USA). Sulfaphenazole, quinidine and ketoconazole were
purchased from Cayman Chemical Company (Ann Arbor, MI, USA).
8.3.5.2 Cytochrome P450 inhibition using insect microsomes
The assays were performed in 96-well black-wall plates with clear bottoms in kinetic
assay mode. Stock solutions of 10 mM racemic IX, 6PN and 8PN as well as R-8PN and S-8PN
were prepared in methanol (CYP3A4 and 1A2) or acetonitrile (CYP2D6 and 2C9) and diluted to
yield final in-well concentrations of 0.01, 0.1, 1.0, 10, 50 and 100 μM. To each well, 40 μL of
flavonoid or positive inhibitor control was incubated with 50 μL of a mixture containing
CYP450 BACULOSOMES® (insect microsomes expressing one human CYP), regeneration
system, and assay buffer or with only 50 μL of reaction buffer as background control at room
temperature (23 ± 1°C) for 20 min. After incubation, the reaction was initiated by the addition of
10 μL of fluorescent substrate and NADP+. Immediately following reaction initiation, plates
were monitored for fluorescence changes every minute for 60 min using a plate reader (Synergy
HT multi-well plate reader and Gen5™ data analysis software, Biotek Instruments Inc.,
Winnoski, VT, USA) with excitation and emission wavelengths monitored at 415 nm and 460
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nm, respectively, for CYP1A2 and 2D6 and 485 nm and 520 nm, respectively for CYP3A4 and
2C9. Positive control compounds were α-naphthoflavone (10 μM, CYP1A2), sulfaphenazole (30
μM, CYP2C9), quinidine (10 μM, CYP2D6) and ketoconazole (10 μM, CYP3A4). The
inhibitors and concentrations were chosen according to the screening kit protocols to produce
inhibition ≥90%.
8.3.6 Statistical analysis
Combined data were presented as mean and either standard deviation (SD) or standard
error of the mean (SEM). When possible, the data were analyzed for statistical significance using
Sigma Plot, ver. 11.0 (Systat Software, Inc., San Jose, CA, USA). Student’s t-test was employed
for unpaired samples with a value of P < 0.05 being considered statistically significant.
Comparisons among means were tested using ANOVA with a value of P < 0.05 being
considered statistically significant.

8.4 RESULTS AND DISCUSSION
8.4.1 Anti-oxidant capacity
The anti-oxidant capacities of racemic IX, 8PN and 6PN in units of Trolox® equivalents
(mM) are reported in Figure 8.1. The baseline samples (DMSO only) had a low antioxidant
capacity (0.126 ± 0.0486 mM). IX showed weak anti-oxidant capacity and did not yield capacity
significantly greater than baseline (DMSO) even at 100 μg/mL (P > 0.05). Both 8PN and 6PN
showed clear concentration-dependent anti-oxidant capacities and appeared to possess better
anti-oxidant capacity than IX, although only at 50 and 100 μg/mL concentrations were capacities
significantly greater than those of the baseline (P < 0.05). This is the first report of the antioxidant activities of IX, 8PN and 6PN using the ABTS method. However, the anti-oxidant
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capacities of XN and IX have been previously investigated using an oxygen radical absorbance
capacity (ORAC) assay. IX demonstrated anti-oxidant capacity of 4160.66 ± 7.72 μM Trolox
equivalents/g but did not show consistent anti-oxidant activity in two other anti-oxidant assays
(10). XN has demonstrated anti-oxidant potency between 2.9 – and 8.9-fold greater than Trolox
(assayed at 1 μM or 0.354 μg/mL) (11) and in vitro assays have suggested that prenylated
chalcones (XN) may be more effective at preventing oxidation of human low-density (LDL) and
lipid peroxidation in rat liver microsomes than prenylated flavanones (IX, 8PN and 6PN)
(12,13).
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Figure 8.1 Anti-oxidant capacity (mean ± SEM, n = 4) of racemic isoxanthohumol, 8prenylnaringenin and 6-prenylnaringenin at 1, 5, 10, 50 and 100 μg/mL dissolved in DMSO.
*Significantly different from baseline (DMSO) samples (P < 0.05).

8.4.2 Anti-inflammatory activity
8.4.2.1 Cyclooxygenase inhibitory activity
Racemic IX, 6PN and 8PN along with R-8PN and S-8PN were assessed for their abilities
to inhibit the enzymatic activity of two isoforms of cyclooxygenase (COX), COX-1 and COX-2,
through a commercially available ELISA assay. This specific assay measures COX inhibition by
quantifying the amount of prostaglandin F2α that is produced by stannous chloride reduction of
prostaglandin H2. The racemates of ibuprofen, etodolac and carprofen were employed as positive
controls and for evaluation of COX inhibitory potency of the test compounds. In Figure 8.2 and
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Figure 8.3, COX-1 inhibitory activities are reported and Figure 8.4 and Figure 8.5 report COX-2
activities.
Racemic Carprofen is a selective COX-2 NSAID used in veterinary medicine for pain
relief and inflammation associated with osteoarthritis and post-operative pain (14). Of all the
NSAIDs and flavonoids examined, ±carprofen was the least potent inhibitor of COX-1 while
racemic IX appeared to be the most potent (Figure 8.2). Both racemic ibuprofen (non-specific
COX inhibitor (15) and racemic etodolac (preferential COX-2 inhibitor at low concentrations
(16)) showed similar inhibitory activities against COX-1. Figure 8.3 specifically compares the
COX-1 inhibition by racemic 8PN, R-8PN and S-8PN. No significant differences between
enantiomers at the same concentrations were found (P > 0.05). At all concentrations, R-8PN was
not found to be significantly different than racemic 8PN. However, at 1 μg/mL COX-1 inhibition
by racemic 8PN and S-8PN were found to be significantly different with S-8PN showing greater
inhibition of COX-1 than racemic 8PN. The COX-1 inhibitory activities of IX, 6PN and 8PN
have not been previously investigated in the literature. However, the related prenylchalcone and
isomer of IX, XN, has shown potent activity again COX-1 in a dose dependent fashion (17).
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Figure 8.2 Cyclooxygenase-1 (COX-1) inhibitory activity (mean ± SEM, n = 4) of racemic
isoxanthohumol, 6-prenylnaringenin, and 8-prenylnaringenin along with R- and S- 8prenylnaringenin at 1-250 μg/mL. Racemic ibuprofen, etodolac, and carprofen were used for
comparison of COX-1 inhibition of test compounds.

Figure 8.3 Cyclooxygenase-1 (COX-1) inhibitory activity (mean ± SEM, n = 4) of racemic 8prenylnaringenin, R-8-prenylnaringenin and S-8-prenylnaringenin at 1-250 μg/mL. *Indicates
significant difference between enantiomer and racemate at the same concentration (P < 0.05).

295

Racemic IX and 6PN were the most potent COX-2 inhibitors assayed while S-8PN
appeared to be the least potent (Figure 8.4). Ibuprofen and etodolac appeared to show more
potency than carprofen. Figure 8.5 specifically compares the COX-2 inhibition by racemic 8PN,
R-8PN and S-8PN. S-8PN was found to significantly less potent at inhibiting COX-2 than the
8PN racemate at 10 and 250 μg/mL (P < 0.05). A significant difference (P < 0.05) between
enantiomers was found at 1 μg/mL where R-8PN was found to be a more portent inhibitor of
COX-2 than S-8PN. While no significant differences (P > 0.05) were found between R-8PN and
the racemate at all concentrations assayed, racemic 8PN did appear to be a greater COX-2
inhibitor than both enantiomers separately. It may be that the enantiomers yield an additive effect
as a racemic mixture. Additive and synergistic bioactivities of enantiomers when combined
together as a racemate have been previously documented with drugs such as ±tramadol (18). As
with COX-1, the COX-2 inhibitory activities of IX, 6PN and 8PN have not been previously
investigated in the literature, but the related prenylchalcone and isomer of IX, XN, has shown
activity again COX-2 in a dose dependent fashion although it showed greater potency as a COX1 inhibitor (17).
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Figure 8.4 Cyclooxygenase-2 (COX-2) inhibitory activity (mean ± SEM, n = 4) of racemic
isoxanthohumol, 6-prenylnaringenin, and 8-prenylnaringenin along with R- and S- 8prenylnaringenin at 1-250 μg/mL. Ibuprofen, etodolac, and carprofen were used for comparison
of COX-2 inhibition of test compounds.

Figure 8.5 Cyclooxygenase-2 (COX-2) inhibitory activity (mean ± SEM, n = 4) of racemic 8prenylnaringenin, R-8-prenylnaringenin and S-8-prenylnaringenin at 1-250 μg/mL. *Indicates
significant difference between enantiomer and racemate at the same concentration (P < 0.05).
†Indicates significant difference between enantiomers at the same concentration (P < 0.05).
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The IC50 values for each compound’s COX-1 and COX-2 inhibitory activities were
modeled using WinNonlin® pharmacodynamics modeling software. The IC50 value for COX-2
was divided by the IC50 value for COX-1 for each compound to yield a COX ratio (Figure 8.6).
A ratio of 1 indicates equal inhibition of both COX-1 and COX-2 isoforms. A ratio <1 indicates
preferential COX-2 inhibition and a ratio >1 indicates preferential COX-1 inhibition. Both
racemic ibuprofen (non-selective COX inhibitor) and etodolac (COX-2 selective inhibitor at
lower concentrations) appeared to show preferential COX-1 inhibition with ibuprofen appearing
to be the most selective COX-1 inhibitor of the compounds assayed. Racemic carprofen, a
selective COX-2 inhibitor appeared to show preferential COX-2 inhibition in the assay. Racemic
IX yielded a COX ratio slightly greater than 1 indicating that it may be a mild preferential COX1 inhibitor. However, racemic IX was the most potent inhibitor of both COX isoforms with IC50
values of 0.00378 μg/mL for COX-1 and 0.068 μg/mL for COX-2. Both racemic 6PN and 8PN
appear to be selective COX-2 inhibitors with 6PN showing COX-2 selectivity 20-fold greater
than 8PN. Synergistic effects of 8PN enantiomers may be seen when combined as the racemate
as the COX ratios for each enantiomer do not show COX-2 selectivity to the degree of racemic
8PN. In fact, R-8PN was found to display a slight COX-1 preference and the slight COX-2
selectivity of S-8PN is 164-fold less than the COX-2 selectivity of racemic 8PN. At the time of
the writing of this thesis, the COX ratios for the hops prenyflavonoids investigated in this study
were unknown in the literature.
Using IC50 values for COX-1 and -2 inhibition in a report in the literature, COX ratio for
XN, the related prenylchalcone was found to be 2.5, however, it should be noted that COX
inhibition was calculated using a different method than that employed in this study (17). The
COX ratio of XN is very similar to the calculated COX ratio of IX in this study. Hop cones have

298

been utilized in traditional medicines for a wide variety of inflammation-related ailments
including rheumatism, toothache and earaches and can be found in commercially prepared
nutraceutical and natural health products advertised as selective COX-2 inhibitors (19,20). In the
literature, one report investigated the COX inhibitory activities of a single commercially
available standardized CO2 extract from hop cones using whole blood assays (19). The hop
extract was standardized to α- and β-acid content and the amount of IX, 6PN and 8PN was not
determined. The study found that no COX-1 inhibition occurred across the concentration range
tested but an IC50 value of 20.4 μg/mL for COX-2 inhibition was found leading to the authors of
the study to conclude that the hop extract was a selective COX-2 inhibitor. It should be noted
that the chemical makeup of a plant extract is dependent on several factors including extraction
technique, markers for standardization, hop varietal and even growing location for source
materials and it is very likely that various hop extracts would result in varying COX inhibitory
activities (21). These are the first reports of the COX inhibitory action for racemic IX, 6PN, 8PN
and R-8PN and S-8PN.
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Figure 8.6 Cyclooxygenase-2 (COX-2) to cyclooxygenase-1 (COX-1) ratios of racemic
isoxanthohumol, 6-prenylnaringenin, 8-prenylnaringenin, R-8-prenylnaringenin, S-8prenylnaringenin, ibuprofen, etodolac and carprofen (mean + SEM). A ratio of 1 indicates equal
inhibition of both COX isoforms, a ratio <1 indicates preferential COX-2 inhibition, a ratio >1
indicates preferential COX-1 inhibition.

8.4.2.2 Lipoxygenase inhibitory activity
LOX inhibitory activities by racemic IX, 6PN, 8PN and R- and S-8PN are shown in
Figure 8.7. Initial LOX activity was determined to be 4.06 ± 0.178 nmol/min/mL. With the
exception of racemic 8PN at 250 μg/mL, all concentrations of test compounds failed to
significantly affect initial LOX activity (P > 0.05). At 250 μg/mL, racemic 8PN was found to
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slightly increase LOX activity and all other compounds assayed also resulted in increased LOX
activity at 250 μg/mL but were not statistically significant. The increase in activity at 250 μg/mL
may be due to hormesis, a dose response phenomenon seen in other flavonoids and plant
secondary metabolites such as quercetin, resveratrol, green tea catechins and curcumin (22). One
report characterizes the estrogenic activity of 8PN as a hermetic pattern (23). A hermetic
response is characterized by a desired effect at low doses and an undesirable affect at high doses.
No significant differences were found between racemic 8PN and the 8PN enantiomers at the
same concentrations and no significant differences were found between the 8PN enantiomers at
the same concentrations (P > 0.05). The results suggest that these compounds are not LOX
inhibitors. This is the first reports of LOX inhibition by prenylflavonoids from hops.
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Figure 8.7 Lipoxygenase inhibitory activity by racemic isoxanthohumol, 6-prenylnaringenin, 8prenylnaringenin and R-8-prenylnaringenin and S-8-prenylnaringenin (n = 3, mean ± SEM).
*Significantly different from initial activity (P < 0.05).

8.4.3 Anti-diabetic activity
8.4.3.1 α-Glucosidase inhibition
Figure 8.8A reports the α-glucosidase inhibition of racemic IX, 6PN and 8PN and Figure
8.8B reports the α-glucosidase inhibition by R- and S-8PN enantiomers along with racemic 8PN.
Of all the compounds examined, racemic 6PN appeared to be the weakest α-glucosidase
inhibitor. Only at one concentration assayed, 100 μg/mL, did 6PN reduce α-glucosidase activity
significantly from baseline (P < 0.05). With the exception of 10 μg/mL, treatment with all
concentrations of racemic IX reduced α-glucosidase activity significantly from baseline (P <
0.05). In a cleared dose-dependent manner, racemic 8PN was also able to significantly reduce αglucosidase activity from baseline except at 1 μg/mL. R-8PN also shows a clear dose-dependent
inhibition of α-glucosidase with significant differences from baseline activity occurring from 50302

200 μg/mL. S-8PN displayed inhibition of α-glucosidase similar to that of racemic 6PN. At 10
μg/mL, S-8PN significantly increased the activity of α-glucosidase from baseline (P < 0.05) but
at 50 and 200 μg/mL, S-8PN significantly reduced α-glucosidase activity from baseline (P <
0.05). At no concentration did R-8PN alter α-glucosidase activity significantly from racemic 8PN
(P < 0.05). However, at 50 and 100 μg/mL, S-8PN was found to reduce α-glucosidase activity
significantly less than racemic 8PN at the same concentrations (P < 0.05). Overall, R-8PN
appears to be a more potent inhibitor of α-glucosidase than S-8PN with statistically significant (P
< 0.05) differences occurring at 100 and 200 μg/mL.
It may be that at lower concentrations, the 8PN enantiomers act synergistically in the
racemate to inhibit α-glucosidase activity but as concentrations increase, R-8PN may become
more responsible for the α-glucosidase inhibitory effects of the racemate. Presently, there exists
one report of α-glucosidase inhibition by racemic IX in the literature using a similar method
presented in this experiment. IX showed the weakest inhibition of α-glucosidase compared to the
other lavandulylated flavonoids and prenylflavonoids form Sophora flavescens assayed with an
IC50 value of 127 μg/mL (24). In our experiment, racemic IX was not able to reduce αglucosidase inhibition by 50% even at 200 μg/mL. One additional report in the literature found
the chalcone isomer of IX, XN, to be a very potent α-glucosidase inhibitor with an IC50 value of
3.1 μg/mL, using a similar method presented in this experiment (25). Structure activity
relationship studies for the inhibition of α-glucosidase by prenylated flavonoids and chalcones
has not yet been undertaken but this is the first report of α-glucosidase inhibitory activities of
racemic 6PN and 8PN as well as the R- and S-8PN enantiomers.
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Figure 8.8 α-Glucosidase inhibition by: A) Racemic isoxanthohumol, 6-prenylnaringenin and 8prenylnaringenin; B) Racemic 8-prenylnaringenin, R-8-prenylnaringenin and S-8prenylnaringenin. Data presented as mean ± SEM, n = 6. *Significantly different from baseline
(P < 0.05). †Significant difference between racemic 8-prenylnaringenin and 8-prenylnaringenin
enantiomer (P < 0.05). ‡Significant difference between 8-prenylnaringenin enantiomers (P <
0.05).

304

8.4.3.2 α-Amylase inhibition
Figure 8.9A reports the α-amylase inhibition of racemic IX, 6PN and 8PN and Figure
8.9B reports the α-amylase inhibition by R- and S-8PN enantiomers along with racemic 8PN. Of
all the racemic compounds examined, racemic 6PN appeared to be the weakest α-amylase
inhibitor at higher concentrations as there was a clear positive concentration-dependent response
leading to apparent induction of the enzyme. Enzyme activity at 200 μg/mL of 6PN was
significantly greater than that of baseline (P < 0.05). However, at 1 and 10 μg/mL, 6PN
significantly reduced α-amylase activity from baseline (P < 0.05). Both racemic IX and 8PN did
not show clear concentration-dependent inhibition of α-amylase and instead, all concentrations
with the exception of 1 μg/mL 8PN significantly reduced α-amylase activity from baseline
between 7.4 and 12.5%. R-8PN inhibited α-amylase in a similar manner to that of racemic 6PN
where enzyme activity is significantly decreased from baseline at 1 and 10 μg/mL but as the dose
increased, activity of the enzyme also increased. At 50, 100 and 200 μg/mL, R-8PN appeared to
significantly increase enzyme activity. R-8PN significantly reduced enzyme activity compared to
racemic 8PN at 1 μg/mL but significantly increased enzyme activity compared to racemic 8PN
from 50 to 200 μg/mL (P < 0.05). At 50 and 200 μg/mL, S-8PN significantly reduced enzyme
activity form baseline (P < 0.05). S-8PN only produced results significantly different form
racemic 8PN at 10 μg/mL where racemic 8PN was able to better reduce enzyme activity (P <
0.05). Significant differences between enantiomers were found at all concentrations examined
except 10 μg/mL. At 1 μg/mL R-8PN significantly reduced α-amylase activity compared to S8PN but at 50, 100 and 200 μg/mL, S-8PN significantly reduced α-amylase activity compared to
R-8PN. Overall, S-8PN appears to be a more potent inhibitor of α-amylase than R-8PN except at
low concentrations.
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It may be that at lower concentrations, the 8PN enantiomers act synergistically in the
racemate to inhibit α-amylase activity but as concentrations increase, S-8PN may become more
responsible for the α-amylase inhibitory effects of the racemate. Presently, there exists one report
of α-amylase inhibition by racemic IX in the literature using a similar method presented in this
experiment except α-amylase from Bacillus licheniformis was used. IX showed no inhibition of
α-amylase even at 354.4 μg/mL (26). In our experiment, racemic IX was able to reduce αamylase inhibition by 9.2 to 10.2%. There are no additional reports of α-amylase inhibition in the
literature for any of the compounds examined or related chalcones. Structure activity relationship
studies for the inhibition of α-amylase by prenylated flavonoids and chalcones has not yet been
undertaken but this is the first report of α-amylase inhibitory activities of racemic 6PN and 8PN
as well as the R- and S-8PN enantiomers.
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Figure 8.9 α-Amylase inhibition by: A) Racemic isoxanthohumol, 6-prenylnaringenin and 8prenylnaringenin; B) Racemic 8-prenylnaringenin, R-8-prenylnaringenin and S-8prenylnaringenin. Data presented as mean ± SEM, n = 6. *Significantly different from baseline
(P < 0.05). †Significant difference between racemic 8-prenylnaringenin and 8-prenylnaringenin
enantiomer (P < 0.05). ‡Significant difference between 8-prenylnaringenin enantiomers (P <
0.05).
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8.4.3.3 Dipeptidyl peptidase IV inhibition
The DPP (IV) inhibitory activities of racemic 8PN, R-8PN and S-8PN are shown in
Figure 8.10. A dose-dependent response is seen with both racemic 8PN and the two enantiomers.
However, it appears that neither the racemate nor enantiomers are strong inhibitors of DPP (IV)
as none of the lower concentrations were successfully able to significantly reduce DPP (IV)
activity from baseline (P > 0.05). R-8PN was able to significantly reduce DPP (IV) activity from
baseline but only at 100 μg/mL (P < 0.05). No significant differences in DPP (IV) activity
reduction were found between the racemate and enantiomers at the same concentrations (P >
0.05). With the exception of 100 μg/mL, there were no significant differences between R- and S8PN in reduction of DPP (IV) activity (P > 0.05). The IC50 values of DPP (IV) inhibition were
determined to be 103 μg/mL (303 μM), 90.5 μg/mL (266 μM) and 219 μg/mL (643 μM) for
racemic 8PN, R-8PN and S-8PN, respectively. Presently, no reports of DPP (IV) inhibition by
the compounds of interest exist in the literature nor do any reports for related compounds such as
IX, 6PN or XN exist. This is the first report of DPP (IV) inhibitory activities of racemic 8PN, R8PN and S-8PN.
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Figure 8.10 Dipeptidyl peptidase IV inhibition by racemic 8-prenylnaringenin, R-8prenylnaringenin and S-8-prenylnaringenin (n = 3, mean ± SEM). *Significantly different from
baseline (P < 0.050). ‡Significant difference between 8-prenylnaringenin enantiomers at the
same concentration (P < 0.05).

8.4.4 Cytochrome P450 Inhibition
The inhibitory potency of racemic IX, 6PN and 8PN as well a R-8PN and S-8PN against
human cytochrome P450 enzymes was assessed to identify potential inhibitory metabolism of
co-administered prenylflavonoids with drugs that could be a cause of pharmacokinetic drugbotanical interactions. Studies have previously shown that the family of compounds are
particularly potent inhibitors of the CYP2C family including CYP2C8, CYP2C9 and CYP2C19,
which account for approximately 25% of total human liver cytochrome P450 enzymes and are
responsible for the metabolism of widely prescribed drugs such statins, warfarin and NSAIDs
(27). 8PN and IX have also been reported to be effective inhibitors of CYP1A2 (27,28). The
underlying mechanism behind most drug-botanical interactions is inhibition of CYP enzymes.
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Figure 8.11A shows the inhibitory activities of racemic IX, 6PN and 8PN against
CYP2D6 and Figure 8.11B shows the inhibitory activities of racemic 8PN, R-8PN and S-8PN
against CYP2D6. All compounds showed a similar pattern of CYP inhibition where lower
concentrations resulted in strong inhibition and higher concentrations resulted in apparent
induction of the enzyme although the assay used was only for detection of inhibition. 6PN and
8PN appeared to be more potent inhibitors of CYP2D6 than IX at lower concentrations. There
were no significant differences found between racemic 8PN and 8PN enantiomers at the same
concentrations and no significant differences were found between enantiomers at the same
concentrations (P > 0.05). IC50 values were not calculable for this assay. Similar inhibitory
patterns for CYP2D6 inhibition were observed for CYP1A2 inhibition by the compounds of
interest (Figure 8.12); however, apparent induction was less extreme at higher concentrations. At
lower concentrations, racemic 6PN and 8PN again appear to more potent inhibitors of CYP1A2
than IX. Significant differences were found between racemic 8PN and R-8PN. From 0.01-0.1
μM, R-8PN appear to better inhibit CYP1A2 than racemic 8PN (P < 0.05) but at 10 μM, racemic
8PN showed significantly greater inhibition of CYP1A2 than R-8PN (P < 0.05). Significant
differences between racemic 8PN and S-8PN were only found at 0.1 μM where S-8PN showed
significantly greater inhibition of CYP1A2 than racemic 8PN (P < 0.05). Significant differences
between 8PN enantiomers were also found. At 0.01 μM, R-8PN shows significantly greater
inhibition of CYP1A2 over S-8PN but at 10 μM, S-8PN displays greater inhibition of CYP1A2
than R-8PN (P < 0.05). No IC50 values could be determined for CYP1A2. Results for CYP2C9
and 3A4 yield clearer concentration-response relationships for the compounds of interest (Figure
8.13 and Figure 8.14, respectively). For CYP2C9 inhibition, the largest differences between
compounds and enantiomers are observed at lower concentrations. Of the racemates, 8PN was
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determined to be the most potent inhibitor of CYP2C9 with an IC50 value of 0.538 μM (0.183
μg/mL). Racemic 6PN was found to be a similarly potent CYP2C9 inhibitor with an IC50 value
of 0.555 μM (0.188 μg/mL). While not as potent at racemic 8PN and 6PN, IX was determined to
be a strong CYP2C9 inhibitor with an IC50 of 0.898 μM (0.318 μg/mL). The IC50 values for the
8PN racemates for CYP2C9 inhibition were determined to be 0.493 μM (0.168 μg/mL) and
0.767 μM (0.261 μg/mL) for R-8PN and S-8PN, respectively. Significant differences between R8PN and racemic 8PN were found at 1.0 and 10 μM where R-8PN was found to better inhibit
CYP2C9 (P < 0.05). A significant difference between S-8PN and racemic 8PN were found at 1.0
μM where racemic 8PN was determined to better inhibit CYP2C9 (P < 0.05). Significant
differences between 8PN enantiomers were also observed at 0.1 and 1.0 μg/mL where R-8PN
was found to better inhibit CYP2C9 than S-8PN (P < 0.05). All of the compounds examined
displayed CYP3A4 inhibition. Of the racemic mixtures, 8PN was found to have the lowest IC50
concentration for CYP3A4 inhibition at 5.40 nM (1.84 ng/mL) with 6PN determined to have a
very similar IC50 concentration of 5.93 nM (2.02 ng/mL). The IC50 concentration of IX
inhibition of CYP3A4 was determined to be 5.76 nM (2.04 ng/mL). The enantiomers of 8PN
had higher IC50 values than the racemate. IC50 values were determined to be 0.814 μM (0.277
μg/mL) for R-8PN and 0.0842 μM (28.7 ng/mL) for S-8PN. A significant difference between the
8PN racemate and R-8PN was found at 1.0 μM where the racemate was found to better inhibit
CYP3A4 than R-8PN (P < 0.05). A significant difference between enantiomers was also found at
1.0 μM where S-8PN appeared to show greater inhibition of CYP3A4 than R-8PN (P < 0.05).
The inhibitory patterns observed in CYP2D6 and 1A2 inhibition may be a due to
hormesis. Hormetic patterns in CYP inhibition have not been previously reported for this group
of compounds; however, both reports in the literature did not use concentrations exceeding 10
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μM, with the exception of CYP1A2, which was investigated up to 25 μM for IX and 8PN
(27,28). Additionally, most of the inhibitory activities by the compounds of interest were
investigated at only one or two concentrations (1 and 10 μM). The small concentration ranges
may have obscured the hormetic patterns. It is unlikely that solubility was a factor in these assays
as the well compositions for CYP1A2 were the same as 3A4 and the same for CYP2D6 and 2C9.
One report used insect microsomes similar to the experiment described in this study (28) whereas
the other report used human liver microsomes (27). Results from this study indicate that the
compounds do inhibit CYP2C9. We report the IC50 values for CYP2C9 inhibition for IX, 6PN
and 8PN to be 0.898 μM, 0.555 μM and 0.538 μM, respectively. These values are reasonably
close to the values published in the literature of 2.1 μM, 5.9 μM and 1.1 μM for IX, 6PN and
8PN, respectively using human liver microsomes (27). However, results in this study of CYP3A4
inhibition do not agree with the literature. This study found that all of the compounds are potent
CYP3A4 inhibitors while another study found that even at 10 μM, the compounds of interest
inhibited the enzyme by less than 10% (27). CYP3A4 inhibition by the compounds of interest
should be further investigated. This is the first report of P450 inhibitory activities of the
enantiomers of 8PN and enantiomeric differences were found in CYP1A2, 2C9 and 3A4
inhibition. P450-mediated drug-botanical interactions are likely possible with the hops
prenylflavonoids.
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Figure 8.11 CYP2D6 inhibition by A) racemic isoxanthohumol, 6-prenylnaringenin and 8prenylnaringenin; B) racemic 8-prenylnaringenin, R-8-prenylnaringenin and S-8prenylnaringenin. Data presented as mean ± SEM (n = 4). *Indicates significant difference from
positive control (P < 0.05). †Indicates significant difference from solvent control (P < 0.05).
‡

Indicates significant difference between racemic 8-prenylnaringenin and enantiomer at the same

concentration (P < 0.05). °Indicates significant difference between 8-prenylnaringenin
enantiomers at the same concentration (P < 0.05).
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Figure 8.12 CYP1A2 inhibition by A) racemic isoxanthohumol, 6-prenylnaringenin and 8prenylnaringenin; B) racemic 8-prenylnaringenin, R-8-prenylnaringenin and S-8prenylnaringenin. Data presented as mean ± SEM (n = 4). *Indicates significant difference from
positive control (P < 0.05). †Indicates significant difference from solvent control (P < 0.05).
‡

Indicates significant difference between racemic 8-prenylnaringenin and enantiomer at the same

concentration (P < 0.05). °Indicates significant difference between 8-prenylnaringenin
enantiomers at the same concentration (P < 0.05).
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Figure 8.13 CYP2C9 inhibition by A) racemic isoxanthohumol, 6-prenylnaringenin and 8prenylnaringenin; B) racemic 8-prenylnaringenin, R-8-prenylnaringenin and S-8prenylnaringenin. Data presented as mean ± SEM (n = 4). *Indicates significant difference from
positive control (P < 0.05). †Indicates significant difference from solvent control (P < 0.05).
‡

Indicates significant difference between racemic 8-prenylnaringenin and enantiomer at the same

concentration (P < 0.05). °Indicates significant difference between 8-prenylnaringenin
enantiomers at the same concentration (P < 0.05).
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Figure 8.14 CYP3A4 inhibition by A) racemic isoxanthohumol, 6-prenylnaringenin and 8prenylnaringenin; B) racemic 8-prenylnaringenin, R-8-prenylnaringenin and S-8prenylnaringenin. Data presented as mean ± SEM (n = 4). *Indicates significant difference
from positive control (P < 0.05). †Indicates significant difference from solvent control (P <
0.05). ‡Indicates significant difference between racemic 8-prenylnaringenin and enantiomer at
the same concentration (P < 0.05). °Indicates significant difference between 8prenylnaringenin enantiomers at the same concentration (P < 0.05).
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8.5 CONCLUSIONS
In summary, select in vitro pharmacodynamics of racemic IX, 6PN and 8PN along with
R- and S-8PN were investigated and several bioactivities of the racemic compounds of interest
are reported for the first time along with the first reports of enantiospecific bioactivities of 8PN.
IX, 6PN and 8PN were found to possess anti-oxidant capacity although their capacities are likely
much weaker than that of the related prenylchalcone, XN. However, only one type of antioxidant assay was utilized in these experiments. The compounds possess anti-inflammatory
activities which are likely through COX inhibition as the compounds did not possess LOX
inhibitory activities. COX selectivity was found to differ among the compounds of interest with
both racemic 6PN and 8PN showing COX-2 selectivity and IX displaying a mild COX-1
preference. The enantiomers of 8PN were found to be non-preferential COX inhibitors indicating
that there may be synergy between the two enantiomers resulting in COX-2 selective inhibition.
The compounds of interest may yield some benefit to reduction of post-prandial hyperglycemia
through mild reduction of α-glucosidase and α-amylase inhibition, especially racemic 8PN.
Racemic 8PN and enantiomers were further investigated for anti-diabetic activity through DPP
(IV) inhibition but neither the racemate nor enantiomers appear to be inhibitors of DPP (IV) and
are unlikely to provide any anti-diabetic activities through inhibition of the enzyme. The
compounds of interest are capable of causing drug-botanical interactions, especially through
CYP2C9 and 3A4-mediated inhibitory routes but may also significantly inhibit CYP2D6 and
1A2 as well. Future efforts to further assess the therapeutic potential and safety of these
compounds and their enantiomers in other in vitro and in vivo models of disease in humans and
animals are warranted.
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9.

PHARMACOLOGICAL EFFECTS OF A C-PHYCOCYANIN-BASED MULTICOMPONENT VETERINARY NUTRACEUTICAL, PHYCOX®, IN AN IN VITRO
MODEL OF OSTEOARTHRITIS

9.1 ABSTRACT
Multicomponent nutraceuticals are becoming increasingly popular treatments or
adjunctive therapies for osteoarthritis in veterinary medicine despite lack of evidence of efficacy
for many products. The objective of this study was to evaluate the anti-inflammatory and antioxidant activities of a commercially available C-phycocyanin-based nutraceutical and select
constituent ingredients in an in-vitro model of canine osteoarthritis. Normal canine articular
chondrocytes were used in an in-vitro model of osteoarthritis. Inflammatory conditions were
induced using interleukin-1β. The nutraceutical preparation as a whole, its individual
constituents, as well as carprofen were evaluated at concentrations of 0 to 250 µg/mL for
reduction of the following inflammatory mediators and indicators of catabolism of the
extracellular matrix: prostaglandin E2 (PGE2), tumor necrosis factor-α (TFN-α), interleukin-6
(IL-6), metalloproteinase-3 (MMP-3), nitric oxide, and sulfated glycosaminoglycans (sGAGs).
Validated, commercially available assay kits were used for quantitation of inflammatory
mediators. The anti-oxidant capacities, as well as cyclooxygenase-1 (COX-1), cyclooxygenase-2
(COX-2), and lipoxygenase (LOX) inhibitory activities of the whole nutraceutical preparation
and select constituents, were also assessed using validated commercially available assay kits.
The anti-oxidant capacity of the nutraceutical and constituents was concentration-dependent. The
nutraceutical and constituents appear to display anti-inflammatory activity primarily through the
inhibition of COX-2. The nutraceutical displayed similar strength to carprofen in reducing TNFα, IL-6, MMP-3, nitric oxide, and sGAGs at select concentration ranges. The C-phycocyanin
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(CPC)-based nutraceutical and constituents may be able to mediate 3 primary pathogenic
mechanisms of osteoarthritis: inflammation, chondral degeneration, and oxidative stress in vitro.
The nutraceutical may be clinically useful in veterinary medicine and its efficacy should be
further investigated in vivo.
** A version of this thesis chapter has been published:
Martinez SE, Chen Y, Ho EA, Martinez SA, Davies NM. Pharmacological effects of a Cphycocyanin-based multicomponent nutraceutical in an in-vitro canine chondrocyte model of
osteoarthritis. Canadian Journal of Veterinary Research. 2015:79(3):241-9.
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9.2 INTRODUCTION
Osteoarthritis (OA) poses significant therapeutic problems in humans, dogs, horses, and
other companion animals. Non-steroidal anti-inflammatory drugs (NSAIDs) remain the most
common treatment across species for attenuation of clinical signs of OA (1–3). Long-term use of
NSAIDs is associated with adverse effects, including gastrointestinal toxicity, renal toxicity,
negative effects on chondrocytes and cartilage-matrix formation, and possible delay in bone
healing (1,4–12). Due to the possible adverse effects of NSAIDs, there is an interest in both
human and veterinary medicine in identifying natural products, nutraceuticals, and supplements
that may provide safer alternatives to NSAIDs for managing OA while maintaining efficacy.
Currently, joint health products, such as glucosamine hydrochloride and chondroitin
sulfate, represent the largest category of nutraceutical and natural supplements for veterinary
medicine (13,14). In humans, the use of nutraceuticals and natural health supplements is
increasing (15–18) and pet owners who purchase and use natural products themselves are also
likely to purchase them for their animals as well (19) as owners see it as part of responsible pet
ownership (13). Presently, multi-component formulations are a trend in nutraceutical and natural
product supplements, with the idea that several compounds may interact with multiple targets to
evoke interdependent pharmacological activities to achieve optimal effects (20).
One of such a group of multi-component joint health veterinary nutraceuticals on the
market is a canine soft chew formulation, which is part of the Phycox® product line produced by
Dechra Pharmaceuticals (Northwich, England). The products are marketed as potent
cyclooxygenase-2 (COX-2) inhibitors that support joint mobility and healthy bone structure (21).
One ingredient of note in the product line is C-phycocyanin (CPC), a biliprotein containing a
biliverdin-like chromophore, which is a constituent of the Phycox® active ingredient, a
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proprietary blue-green algae extract (ingredients listed in Table 9.1). C-phycocyanin (CPC) is
reported to be a selective COX-2 inhibitor (22) and potent anti-oxidant (23). The nutraceutical
also contains glucosamine hydrochloride, methylsulfonylmethane (MSM), citrus bioflavonoids,
grape seed extract, and turmeric, all of which have been reported to possess anti-inflammatory
and/or antioxidant properties in vitro and, in some cases, in vivo (24–31).
It is important to evaluate the efficacy of nutraceuticals and supplements used in
veterinary medicine as they are not regulated in North America like traditional pharmaceuticals
and therefore are not required to undergo rigorous safety and efficacy studies. The efficacy of the
nutraceutical to mediate joint inflammation has not been evaluated in the literature.
The objectives of the present study are to measure the anti-inflammatory effects of the
nutraceutical and select constituents compared to carprofen in an in-vitro canine chondrocyte
(CnC) model of OA. This is done by quantitating inflammatory mediators and the catabolism of
the extracellular matrix (cytokines, prostaglandins, and other molecular markers) and assessing
the anti-oxidant capacity, COX inhibition, and lipoxygenase (LOX) inhibition of the
nutraceutical and select constituents.
Table 9.1 Phycox® soft chew formula for canines (21) (Phycox active ingredient is a proprietary
blue-green algae extract that contains C-phycocyanin).*Tested in the in-vitro canine chondrocyte
osteoarthritis model. †Tested as a COX inhibitor. ‡Tested as a LOX inhibitor. °Tested for antioxidant capacity.

Active ingredients per soft chew
Glucosamine hydrochloride*†‡°
Methylsulfonylmethane*†‡°
Creatine monohydrate*‡°
Alpha-linolenic acid
Proprietary blend of citrus bioflavonoids*†‡°, calcium
phosphate, manganese sulfate, ascorbic acid (vitamin C)*°,
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450 mg
400 mg
250 mg
200 mg

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 μg
Selenium
10 μg
Alpha tocopheryl acetate (vitamin E)
25 IU
Inactive ingredients
Flaxseed oil, hydrolyzed vegetable protein, magnesium stearate,
marine lipid concentrates, natural liver flavor, and sucrose

9.3 MATERIALS AND METHODS
9.3.1 Chemicals and reagents
Phycox® canine chewable whole tablets and individual components, which consist of
glucosamine hydrochloride, MSM, creatine monohydrate, alpha-lipoic acid, ascorbic acid, grape
seed extract, turmeric, citrus bioflavonoids, and Phycox® active ingredient (a proprietary bluegreen algae extract) were provided by Dechra Pharmaceuticals (Northwich, England). Cphycocyanin (CPC) was generously provided by Cerule (Klamath Falls, Oregon, USA).
Carprofen was purchased from Sigma-Aldrich (St. Louis, Missouri, USA).
9.3.2 Cell culture
Canine chondrocytes (CnCs) isolated from normal canine articular cartilage (Cell
Applications, San Diego, California, USA) were maintained in Dulbecco’s Modified Eagle’s
Medium/Ham’s Nutrient Mixture F-12, without phenol red supplementation, with 20% heatinactivated fetal bovine serum (FBS) and penicillin-streptomycin (10 mg/L), and incubated at
37°C in a 5% carbon dioxide (CO2) atmosphere. The cell sub-culture and cell number procedures
were followed as described previously (32).
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9.3.3 In vitro osteoarthritis model
An OA model for CnCs was followed that was previously used to study the antiinflammatory effects of canine dietary supplements and other natural products relevant to human
and animal health (32,33). Briefly, CnCs were counted and seeded on 24-well plates. The seeded
cells were incubated at 37°C in a 5% CO2 atmosphere for 72 h. On the day of the experiment,
stock solutions of the previously mentioned compounds and preparations of interest were made
[10% dimethyl sulfoxide (DMSO) and 90% cell culture medium]. Stock solutions were diluted to
yield final concentrations of 0.1, 1.0, 5.0, 10, 50, 100, and 250 µg/mL. All solutions were sterilefiltered through 0.2-μm filters. At the start of the experiment, the cells were serum-starved for 2
h. After aspiration of the serum-free media from the wells, cells were treated with 500 μL of the
pro-inflammatory cytokine, interleukin-1β (IL-1β) (10 ng/mL in serum-free medium) to induce
inflammatory conditions and incubated at 37°C in 5% CO2 atmosphere for 2 h. Cells were
treated with the compounds and preparations of interest (0.1 to 250 μg/mL). Additional 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 FBS in the wells was 20%.
Treated and control cells were incubated at 37°C in 5% CO2 atmosphere for 72 h, after which the
cell plates were removed from the incubator. Media were then collected and stored at -80°C until
further analysis for the following 6 key mediators and indicators of extracellular matrix
catabolism released during inflammatory events: prostaglandin E2 (PGE2), tumor necrosis factorα (TNFα), interleukin-6 (IL-6), metalloproteinase-3 (MMP-3), nitric oxide, and sulfated
glycosaminoglycans (sGAGs).
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9.3.4 Cell viability
Cytotoxicity of the compounds of interest at the experimental concentrations used in the
in vitro OA model was assessed using the resazurin fluorescent dye method. The resazurin dye
method is a popular, accurate and easy method for assessing cytotoxicity of a wide variety of
mammalian cells (34). The resazurin non-fluorescent compound is metabolized into a fluorescent
compound, resorufin, by intact and viable cells. The emission of fluorescence is quantified using
a cell plate reader and the number of viable cells following treatment can be assessed. Cells were
counted and seeded on 96-well plates (5,000 cells/well). Seeded cells were incubated at 37°C in
a 5% CO2 atmosphere for 24 h. On the day of the experiment, the same compounds of interest in
the in vitro OA experiment were dissolved in FBS enriched CnC medium with 10% DMSO to
create stock solutions and then diluted with CnC media to achieve the same experimental
concentrations (0.1 – 250 μg/mL) used in the in vitro OA experiment. Following aspiration of
the media, cells were treated with the compounds of interest. Additional cells were treated with
either DMSO diluted in medium or medium only. Treat and control cells were incubated at 37°C
in a 5% CO2 atmosphere for 72 h. After incubation, cell plates were removed from the incubator
and the medium was aspirated and replaced with 10% resazurin fluorescent dye diluted in fresh
medium. The solution was added directly to cells. The cell plates were incubated at 37°C in a 5%
CO2 atmosphere for 5 h. The cell plates were subsequently removed from the incubator and
placed at room temperature (23 ± 1°C) and protected from light for 30 min. The cells were then
read using a microplate reader. Fluorescence was read at an excitation of 485 nm and an
emission of 530 nm. The viable cell number (expressed as percent of control) in each well was
determined. The assay was performed in quadruplet. The IC50 values for each compound of
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interest were determined by using pharmacodynamic modeling software with Phoenix®
WinNonlin® 6.3 software (Certara USA, Inc., St. Louis, MO, USA).
9.3.5 Determination of inflammatory biomarkers
Validated, commercially available assay kits were used to quantify concentrations of
biomarkers of interest in the collected in vitro OA model media.
9.3.5.1 Prostaglandin E2
A commercially available and validated PGE2 kit purchased from Cayman Chemical
Company (cat. no. 514010, Ann Arbor, MI, USA) was used to quantify the amount of PGE2 in
the CnC cell culture media samples. The kit converts all major PGE2 metabolites into one stable
derivative which is then measured by an enzyme immunoassay. The plates were read at an
absorbance of 412 nm at room temperature (23 ± 1°C) using a Synergy HT multi-well plate
reader and Gen5™ data analysis software (Biotek Instruments Inc., Winooski, VT, USA). The
assay was performed in quadruplet.
9.3.5.2 Tumor necrosis factor-α
CnC medium was assessed for TNF-α using a commercial assay kit (cat. no. 589201,
Cayman Chemical Company, Ann Arbor, MI, USA). This is an enzyme immunoassay based on a
double-antibody sandwich technique. Each well of a 96-well plate was coated with a monoclonal
antibody specific for TNF-α which binds to any TNF-α introduced into the well. An
acetylcholinesterase:Fab’ conjugate (AChE:Fab’) is added to the well and binds selectively to a
different epitope of the TNF-α molecule. The two antibodies form a sandwich by binding on
opposite side of the TNF-α molecule. The concentration of TNF-α is determined by measuring
the enzymatic activity of the AChE through the addition of Ellman’s reagent that produces a
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yellow-colored product which can be measured spectrophotometrically at 412 nm at room
temperature (23 ± 1°C) using a Synergy HT multi-well plate reader and Gen5™ data analysis
software (Biotek Instruments Inc., Winooski, VT, USA). The assay was performed in quadruplet.
9.3.5.3 Interleukin-6
A commercial assay kit was used to assess CnC medium for IL-6 (cat. no. 583361,
Cayman Chemical Company, Ann Arbor, MI, USA). This is an enzyme immunoassay based on a
double-antibody sandwich technique. Each well of a 96-well plate was coated with a monoclonal
antibody specific for IL-6 that binds to any IL-6 introduced into the well. An AChE:Fab’
conjugate is added to the well, which selectively binds to a different epitope of the IL-6
molecule. These two antibodies form a sandwich by binding on opposite sides of the IL-6
molecule. The concentration of IL-6 is determined by measuring the enzymatic activity of the
AChE through the addition of Ellman’s reagent that produces a yellow-colored product which is
measured spectrophotometrically at 412 nm at room temperature (23 ± 1°C) using a Synergy HT
multi-well plate reader and Gen5™ data analysis software (Biotek Instruments Inc., Winooski,
VT, USA). The assay was performed in quadruplet.
9.3.5.4 Matrix metalloproteinase-3
CnC medium was assessed for MMP-3 using a commercial assay purchased from
RayBiotech, Inc. (cat. no. ELH-MMP-3-001, Norcross, GA, USA). This was an ELISA assay
that employs a MMP-3 antibody for a 96-well plate. The plates are read at 450 nm at room
temperature (23 ± 1°C) using a Synergy HT multi-well plate reader and Gen5™ data analysis
software (Biotek Instruments Inc., Winooski, VT, USA). The assay was performed in quadruplet.
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9.3.5.5 Nitric oxide
Nitric oxide was quantified in CnC medium using a commercial assay kit purchased (cat.
no. 40020, Active Motif, Carlsbad, CA, USA). The assay monitors the production of nitric oxide
based on the quantitation of nitrate and nitrite concentrations through a two-step 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 reductase 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 subtracting the 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) using a Synergy HT
multi-well plate reader and Gen5™ data analysis software (Biotek Instruments Inc., Winooski,
VT, USA).
9.3.5.6 Sulfated glycosaminoglycans
CnC medium was assessed for sGAG through an assay kit purchased from Kamiya
Biomedical Company (cat. no. BP-004, 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 stable Alcian blue-sGAG polymer can be
measured at 595 nm at room temperature (23 ± 1°C) using a Synergy HT multi-well plate reader
and Gen5™ data analysis software (Biotek Instruments Inc., Winooski, VT, USA). The assay
was performed in quadruplet.
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9.3.6 Cyclooxygenase inhibitory activity
The inhibition of COX-1 and -2 by the compounds and preparations of interest were
measured with a validated commercial assay kit using an ELISA from Cayman Chemical (cat.
no. 560131, Ann Arbor, MI, USA). The assay relied on the quantification of prostanoid products
using a nonspecific antibody for prostaglandins (PGs). The constant concentration of the PGAChE-tracer and the varying concentrations of the PGs available to bind to the anti-serum are
inversely proportional to the concentrations of free PGs in the wells. For this assay, the
compounds of interest were dissolved in DMSO over the concentration range of 1-250 μg/mL.
The plates were read at an absorbance of 415 nm at room temperature (23 ± 1°C) using a
Synergy HT multi-well plate reader and Gen5™ data analysis software (Biotek Instruments Inc.,
Winooski, VT, USA). The assay was carried out in quadruplet.
To determine COX selectivity of the compounds and preparations, COX ratios were
determined using the half maximal inhibitory concentration values (IC50) for COX-1 and -2 for
each compound and preparation by pharmacodynamic modeling with Phoenix WinNonlin 6.3
software (Certara USA, Inc., St. Louis, MO). The COX-2 IC50 value for a compound was
divided by the COX-1 IC50 value to yield the COX ratio.
9.3.7 Lipoxygenase inhibitory activity
The inhibition of LOX by the compounds and preparations of interest was measured
using a commercial validated colorimetric assay kit from Cayman Chemical (cat. no. 7607000,
Ann Arbor, MI, USA). The assay measures the hydroperoxides produced in the lipoxygenation
reaction using purified 15-LOX and linoleic acid as the substrate. The compounds and
preparations of interest were dissolved in 90% assay buffer and 10% DMSO to yield a
concentration range of 1 to 250 μg/mL. Reagents were prepared according to the manufacturer’s
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instructions. The plate was read at an absorbance of 490 nm at room temperature (23 ± 1°C)
using a Synergy HT multi-well plate reader and Gen5™ data analysis software (Biotek
Instruments Inc., Winooski, VT, USA). The assay was carried out in triplicate.
9.3.8 Determination of anti-oxidant capacity
The anti-oxidant capacities of the nutraceutical and select constituents were measured
through the commonly used ABTS [2,2’-azino-di-(3-ethylbenzthiazoline sulfonate)] method (35)
using a commercially available and validated assay from Cayman Chemical (cat. no. 709091,
Ann Arbor, MI, USA). The assay relies on the inhibition of the oxidation of ABTS to ABTS·+ by
metmyoglobin. The degree of suppression of absorbance caused by the compound of interest in
proportional to the concentration of ABTS·+, which is expressed as Trolox® equivalents (mM)
(Trolox®, 6-hydroxy,2,5,7,8-tetramethylchroman-2-carboxylic acid, is a vitamin E analogue
readily used as a standard of anti-oxidant activity). For this assay, the compounds and
preparations of interest were dissolved in DMSO on the day of the experiment to yield
concentrations of 1, 5, 10, 50 and 100 μg/mL. No additional dilution was employed. To run the
assay, 10 μL of sample was combined with 10 μL of metmyoglobin and 150 μL chromogen.
Then, 40 μL of hydrogen peroxide working solution was added within 1 min to all the samples.
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 multi-well plate reader and
Gen5™ data analysis software (Biotek Instruments Inc., Winooski, VT, USA). The assay was
carried out in quadruplet.
9.3.9 Statistical analysis
All data are expressed as the mean ± standard error of the mean (SEM) or mean ±
standard deviation (SD). When possible, the data were analyzed for statistical significance using
333

GraphPad Prism 6 statistical software (GraphPad Software, La Jolla, CA, USA). Student’s t-test
was used for unpaired samples. Comparisons between the control and treatment groups were
made using repeated-measures analysis of variance (ANOVA) with Fisher’s least significant
difference test.
Significance was set at P < 0.05 for all statistical testing.

9.4 RESULTS
9.4.1 Cell viability
Calculated across the tested concentration range (0.1 to 250 μg/mL), not enough cell
death occurred to calculate LC50 values for all compounds administered in the in-vitro OA
model. Thus, cell death did not exceed 50% even at 250 μg/mL and the LC50 concentrations for
all compounds and preparations were greater than 250 μg/mL (data not shown). This indicates
that inflammatory mediator results were not affected due to cell toxicity from high
concentrations of the compounds of interest.
9.4.2 Determination of inflammatory biomarkers
9.4.2.1 Prostaglandin E2
Incubation of CnCs with IL-1β increased the concentration of PGE2 (56%) compared to
the untreated control cells (Figure 9.1A and Table 9.). The treatment of CnCs with the
nutraceutical (0.1 and 1 µg/mL) resulted in a significant decrease in PGE2 concentrations from
the positive control (48% to 84%) similar to baseline. Treatment with the nutraceutical at higher
concentrations, however, resulted in significantly increased PGE2 concentrations from the
positive control (14% to 32%). Carprofen-treated cells at all concentrations yielded significantly
decreased PGE2 from the positive control (96% to 99%), as did cells treated with many of the
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nutraceutical constituents. The nutraceutical and constituents across all concentration ranges did
not result in PGE2 levels significantly lower than those produced by carprofen at specific
concentration ranges.
9.4.2.2 Tumor necrosis factor-α
Untreated control CnCs yielded a concentration of 0.362 ± 0.140 pg/mL of TNF-α
(Figure 9.1B and Table 9.). When CnCs were treated with IL-1β, the TNF-α concentration rose
by 64% to 0.954 ± 0.147 pg/mL. All concentrations of carprofen, the nutraceutical, and its
constituents failed to significantly reduce TNF-α concentrations from those of the positive
control. Treatment with all concentration of the nutraceutical and constituents did not result in a
statistical difference in TNF-α concentrations from CnCs treated with carprofen at specific
concentration ranges, with the exception of α-lipoic acid at 100 µg/mL and creatine at 0.1 and 50
to 250 µg/mL, which resulted in statistically greater concentrations of TNF-α than carprofen at
the same concentrations.
9.4.2.3 Interleukin-6
Untreated control CnCs yielded a concentration of 1.48 ± 0.206 pg/mL of IL-6 (Figure
9.1C and Table 9.). When CnCs were treated with IL-1β, the IL-6 concentration rose 88% to
2.78 ± 0.229 pg/mL. All concentrations of carprofen, the nutraceutical, and most of the
constituents failed to significantly reduce IL-6 concentrations from those of the positive control
cells treated with IL-1β. Treatment with carprofen at 100 and 250 µg/mL resulted in significantly
greater concentrations of IL-6 than the positive control. Canine chondrocytes (CnCs) treated with
CPC, citrus bioflavonoids, turmeric, grape seed extract, and ascorbic acid at 10 µg/mL resulted
in significant decreases of IL-6 compared to IL-6 in CnCs dosed at 10 µg/mL of carprofen. The
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remainder of nutraceutical and constituent concentrations resulted in no significant difference in
IL-6 concentrations compared to those produced by carprofen at the same concentrations.
9.4.2.4 Matrix Metalloproteinase-3
Untreated control CnCs yielded a concentration of 0.717 ± 0.008 ng/mL of MMP-3
(Figure 9.1D and Table 9.). When CnCs were treated with IL-1β, the MMP-3 concentration
increased by 3.5% to 0.742 ± 0.006 pg/mL. Treatment with carprofen at all concentrations
showed no significant change in MMP-3 concentrations compared to the positive control IL-1β
cells. Treatment with the nutraceutical also did not result in significant changes in MMP-3
concentrations compared to the positive control, with the exception of concentrations of 1.0 and
250 µg/mL, which resulted in significant increases of MMP-3. The blue-green algae extract at
10, 50, and 250 µg/mL resulted in a significant decrease in MMP-3 from the positive control.
However, cells treated with 1.0 µg/mL of the blue-green algae extract resulted in a significant
increase in MMP-3 from the positive control. All concentrations of CPC and citrus bioflavonoids
resulted in a significant decrease in MMP-3 from positive control cells treated with IL-1β, as did
cells dosed with turmeric at concentrations from 1.0 to 100 µg/mL. Treatment with all
experimental concentrations of CPC and citrus bioflavonoids resulted in a statistically significant
decrease in MMP-3 concentrations compared to treatment with specific concentrations of
carprofen. At 1.0 and 250 µg/mL, however, the nutraceutical resulted in a significant increase in
MMP-3 compared to cells treated with the same concentrations of carprofen, as did cells treated
with blue-green algae extract at 1.0 µg/mL.
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9.4.2.5 Nitric oxide
9.4.2.5.1 Nitrite
The CnC control produced an average nitrite concentration of 8.41 ± 0.000 µM (Figure
9.1E and Table 9.). When treated with IL-1β, nitrite concentrations increased 5% to 8.82 ± 0.096.
Canine chondrocytes (CnCs) treated with all concentrations of carprofen, the nutraceutical, and
most constituents did not result in a significant change in nitrite compared to the positive control.
The nutraceutical and most of the constituents tested at all concentrations did not significantly
differ in nitrite compared to CnCs treated with the same concentrations of carprofen.
9.4.2.5.2 Nitrate
The control produced a nitrate concentration of 5.49 ± 2.91 µM (Figure 9.1F and Table
9.). When treated with IL-1β, the nitrate concentrations increased 22% to 6.71 ± 3.48. Neither
carprofen nor the nutraceutical at all concentrations produced a significant change in nitrate from
the positive control. The majority of nutraceutical constituents also did not significantly alter the
nitrate concentrations from the positive control. There was no statistical difference between
nitrite concentrations in samples treated with the nutraceutical or most constituents and
carprofen.
9.4.2.6 Sulfated glycosaminoglycans
The untreated control samples contained an average sGAG concentration of 7.77 ± 1.69
µg/mL (Figure 9.1G and Table 9.). When cells were treated with IL-1β, sGAG concentration
increased by 25% to 9.68 ± 1.12 µg/mL. Carprofen significantly decreased sGAG concentrations
in CnCs when treated with 1.0 to 50 and 250 μg/mL concentrations as did the nutraceutical at
concentrations of 1.0 and 5.0 to 250 µg/mL. Many nutraceutical constituents at various
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concentrations also significantly decreased sGAG concentrations in CnCs compared to the
positive control. There was no statistical difference between sGAG concentrations in the samples
treated with carprofen and the nutraceutical at all concentrations.
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Figure 9.1 Select results from Table 9. for cells treated with carprofen, nutraceutical, proprietary
blue-green algae extract, and C-phycocyanin (CPC) (n = 4, mean ± SEM) for production of: A)
prostaglandin E2 (PGE2), B) tumor necrosis factor-α (TNF-α), C) interleukin-6 (IL-6), D)
metalloproteinase-3 (MMP-3), E) nitrite, F) nitrate, and G) sulfated glycosaminoglycans
(sGAGs). *Significantly lower concentrations of inflammatory biomarker than positive control
(IL-1β) cells (P < 0.05).†Significantly lower concentrations of inflammatory biomarker than
carprofen-treated cells at the same concentration (P < 0.05).
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Table 9.2 Summary of results and statistical analysis of the different pharmacological end-points response after interleukin-1β-induced
inflammation and treatment with carprofen, Phycox®, Phycox® active, c-phycocyanin, proprietary blend of citrus bioflavonoids, turmeric, grape
seed extract, glucosamine HCL, methylsulfonylmethane, ascorbic acid, α-lipoic acid and creatine (n = 4). First line: Mean ± SEM, second line:
percentage compared to IL-1β control ± CV of percentage in second line in parenthesis, third line: P-value compared to IL-1β control (* indicates
significantly lower than IL-1β control, ‡ indicates significantly higher than IL-1β control). aDenotes statistically significant lower concentration
(P < 0.05) between carprofen and specific compound at each specific concentration. bDenotes statistically significant higher concentration (P <
0.05) between carprofen and specific compound at each specific concentration.
Prostaglandin E2 (PGE2) concentrations (ng/mL)
Treatment
Compounds
Carprofen
Phycox®

Phycox® active
blue-green
algae extract
Control
0.441 ± 0.023
0.441 ± 0.023
0.441 ± 0.023
(64.0 ± 0.244)
(64.0 ± 0.244)
(64.0 ± 0.244)
P<0.0001*
P<0.0001*
P<0.0001*
IL-1β
0.689 ± 0.017
0.689 ± 0.017
0.689 ± 0.017
(100 ± 0.479)
(100 ± 0.479)
(100 ± 0.479)
0.1 µg/mL
0.021 ± 0.005
0.107 ± 0.019b
0.295 ± 0.133b
(3.08 ± 0.456)
(15.5 ± 0.032)
(42.9 ± 0.029)
P<0.0001*
P<0.0001*
P<0.0001*
1.0 µg/mL
0.004 ± 0.002
0.356 ± 0.040b
0.614 ± 0.054b
(0.530 ± 0.256)
(51.7 ± 0.089)
(89.2 ± 0.036)
P=0.0800
P<0.0001*
P<0.0001*
5.0 µg/mL
0.005 ± 0.002
0.782 ± 0.011b
0.838 ± 0.009b
(0.663 ± 0.109)
(114 ± 0.026)
(107 ± 0.033)
P=0.2504
P<0.0001*
P=0.0293‡
b
10 µg/mL
0.004 ± 001
0.686 ± 0.049
0.767 ± 0.014b
(0.531 ± 0.266)
(99.5 ± 0.021)
(111 ± 0.038)
P=0.9392
P=0.0672
P<0.0001*
50 µg/mL
0.005 ± 0.001
0.878 ± 0.007b
0.808 ± 0.012b
(0.665 ± 0.449)
(128 ± 0.039)
(117 ± 0.024)
P<0.0001*
P<0.0001‡
P=0.0054‡
100
0.011 ± 0.003
0.903 ± 0.003b
0.840 ± 0.017b
µg/mL
(1.53 ± 0.055)
(131 ± 0.055)
(122 ± 0.055)
P<0.0001*
P<0.0001‡
P=0.0004‡
250
0.026 ± 0.011
0.909 ± 0.020b
0.808 ± 0.005b
µg/mL
(3.80 ± 0.035)
(132 ± 0.035)
(117 ± 0.035)
P<0.0001*
P<0.0001‡
P=0.0055‡
Tumor Necrosis Factor-α (TNF-α) concentrations (pg/mL)
Control
0.362 ± 0.140
0.362 ± 0.140
0.362 ± 0.140
(37.96 ± 0.54)
(37.96 ± 0.54)
(37.96 ± 0.54)
P=0.6504
P=0.6504
P=0.6504
IL-1β
0.954 ± 0.147
0.954 ± 0.147
0.954 ± 0.147
(100 ± 0.309)
(100 ± 0.309)
(100 ± 0.309)

C-Phycocyanin

0.441 ± 0.023
(64.0 ± 0.244)
P<0.0001*
0.689 ± 0.017
(100 ± 0.479)
0.293 ± 0.024b
(42.5 ± 0.044)
P<0.0001*
0.460 ± 0.025b
(66.7 ± 0.038)
P<0.0001*
0.684 ± 0.018b
(99.3 ± 0.038)
P=0.9062
0.751 ± 0.016b
(109 ± 0.040)
P=0.1438
0.825 ± 0.017b
(120 ± 0.041)
P=0.0015‡
0.770 ± 0.017b
(112 ± 0.051)
P=0.0578
0.738 ± 0.017b
(107 ± 0.035)
P=0.2459

Citrus
bioflavonoids
blend
0.441 ± 0.023
(64.0 ± 0.244)
P<0.0001*
0.689 ± 0.017
(100 ± 0.479)
0.573 ± 0.019b
(83.2 ± 0.270)
P=0.0066*
0.021 ± 0.006
(3.01 ± 0.132)
P<0.0001*
0.046 ± 0.012
(6.71 ± 0.130)
P<0.0001*
0.056 ± 0.006
(7.47 ± 0.061)
P<0.0001*
0.051 ± 0.006
(7.47 ± 0.061)
P<0.0001*
0.908 ± 0.043b
(132 ± 0.055)
P<0.0001‡
1.04 ± 0.045b
(151 ± 0.035)
P<0.0001‡

0.362 ± 0.140
(37.96 ± 0.54)
P=0.6504
0.954 ± 0.147
(100 ± 0.309)

0.362 ± 0.140
(37.96 ± 0.54)
P=0.6504
0.954 ± 0.147
(100 ± 0.309)

Turmeric

Grape seed
extract

Glucosamine
HCL

Methylsulfonylmethane
(MSM)

Ascorbic acid

α-Lipoic acid

Creatine

0.441 ± 0.023
(64.0 ± 0.244)
P<0.0001*
0.689 ± 0.017
(100 ± 0.479)
0.721 ± 0.058b
(105 ± 0.355)
P=0.4542
0.691 ± 0.071b
(100 ± 0.265)
P=0.9658
0.027 ± 0.009
(3.99 ± 0.118)
P<0.0001*
0.030 ± 0.007
(4.35 ± 0.121)
P<0.0001*
0.492 ± 0.049b
71.4 ± 0.315
P<0.0001*
0.576 ± 0.059b
(83.6 ± 0.055)
P=0.0080*
0.029 ± 0.009
(4.22 ± 0.035)
P<0.0001*

0.441 ± 0.023
(64.0 ± 0.244)
P<0.0001*
0.689 ± 0.017
(100 ± 0.479)
0.124 ± 0.023b
(18.0 ± 0.068)
P<0.0001*
0.095 ± 0.025b
(13.8 ± 0.222)
P<0.0001*
0.086 ± 0.005b
(12.4 ± 0.340)
P<0.0001*
0.128 ± 0.030b
(18.6 ± 0.047)
P<0.0001*
0.175 ± 0.065b
(25.5 ± 0.319
P<0.0001*
0.009 ± 0.001
(1.26 ± 0.055)
P<0.0001*
0.009 ± 0.003
(1.24 ± 0.035)
P<0.0001*

0.441 ± 0.023
(64.0 ± 0.244)
P<0.0001*
0.689 ± 0.017
(100 ± 0.479)
0.267 ± 0.055b
(38.8 ± 0.051)
P<0.0001*
0.280 ± 0.025b
(40.6 ± 0.150)
P<0.0001*
0.245 ± 0.009b
(35.5 ± 0.128)
P<0.0001*
0.240 ± 0.037b
(34.8 ± 0.167)
P<0.0001*
0.224 ± 0.029b
(32.6 ± 0.194
P<0.0001*
0.128 ± 0.022b
(18.6 ± 0.055)
P<0.0001*
0.060 ± 0.012
(8.74 ± 0.035)
P<0.0001*

0.441 ± 0.023
(64.0 ± 0.244)
P<0.0001*
0.689 ± 0.017
(100 ± 0.479)
0.382 ± 0.032b
(55.5 ± 0.030)
P<0.0001*
0.401 ± 0.057b
(58.2 ± 0.454)
P<0.0001*
0.201 ± 0.003b
(29.2 ± 0.395)
P<0.0001*
0.322 ± 0.163b
(46.8 ± 0.366)
P<0.0001*
0.246 ± 0.107b
(35.7 ± 0.240)
P<0.0001*
0.158 ± 0.064b
(23.0 ± 0.055)
P<0.0001*
0.068 ± 0.017
(9.72 ± 0.035)
P<0.0001*

0.441 ± 0.023
(64.0 ± 0.244)
P<0.0001*
0.689 ± 0.017
(100 ± 0.479)
0.190 ± 0.007b
(27.6 ± 0.243)
P<0.0001*
0.150 ± 0.038b
(21.8 ± 0.141)
P<0.0001*
0.091 ± 0.024b
(13.2 ± 0.165)
P<0.0001*
0.038 ± 0.005
(5.51 ± 0.077)
P<0.0001*
0.039 ± 0.007
(5.65 ± 0.077)
P<0.0001*
0.091 ± 0.006
(13.2 ± 0.055)
P<0.0001*
0.131 ± 0.025b
(19.0 ± 0.035)
P<0.0001*

0.441 ± 0.023
(64.0 ± 0.244)
P<0.0001*
0.689 ± 0.017
(100 ± 0.479)
0.210 ± 0.052b
(30.4 ± 0.236)
P<0.0001*
0.115 ± 0.033b
(16.7 ± 0.150)
P<0.0001*
0.054 ± 0.014
(7.82 ± 0.334)
P<0.0001*
0.052 ± 0.014
(7.58 ± 0.336)
P<0.0001*
0.014 ± 0.005
(1.99 ± 0.249)
P<0.0001*
0.003 ± 0.001
(0.484 ± 0.055)
P<0.0001*
0.002 ± 0.005
(0.246 ± 0.035)
P<0.0001*

0.441 ± 0.023
(64.0 ± 0.244)
P<0.0001*
0.689 ± 0.017
(100 ± 0.479)
0.107 ± 0.009
(15.5 ±0.405)
P<0.0001*
0.144 ± 0.018
(16.6 ± 0.273)
P<0.0001*
0.066 ± 0.029
(9.51 ± 0.116)
P<0.0001*
0.092 ± 0.027b
(13.4 ± 0.271)
P<0.0001*
0.054 ± 0.006
(7.82 ± 0.285)
P<0.0001*
0.032 ± 0.009
(4.70 ± 0.055)
P<0.0001*
0.046 ± 0.014
(6.66 ± 0.035)
P<0.0001*

0.362 ± 0.140
(37.96 ± 0.54)
P=0.6504
0.954 ± 0.147
(100 ± 0.309)

0.362 ± 0.140
(37.96 ± 0.54)
P=0.6504
0.954 ± 0.147
(100 ± 0.309)

0.362 ± 0.140
(37.96 ± 0.54)
P=0.6504
0.954 ± 0.147
(100 ± 0.309)

0.362 ± 0.140
(37.96 ± 0.54)
P=0.6504
0.954 ± 0.147
(100 ± 0.309)

0.362 ± 0.140
(37.96 ± 0.54)
P=0.6504
0.954 ± 0.147
(100 ± 0.309)

0.362 ± 0.140
(37.96 ± 0.54)
P=0.65049
0.954 ± 0.147
(100 ± 0.309)

0.362 ± 0.140
(37.96 ± 0.54)
P=0.65049
0.954 ± 0.147
(100 ± 0.309)
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0.1 µg/mL

0.362 ± 0.131
0.244 ± 0.143
(37.96 ± 0.517)
(25.6 ± 0.742)
P=0.6504
P=0.5866
1.0 µg/mL
0.468 ± 0.188
0.310 ± 0.050
(49.0 ± 0.556)
(32.4 ± 0.452)
P=0.7094
P=0.6217
5.0 µg/mL
0.836 ± 0.275
0.375 ± 0.112
(87.59 ± 0.483)
(39.3 ± 0.452)
P=0.9278
P=0.6577
10 µg/mL
0.744 ± 0.196
1.49 ± 0.366
(77.94 ± 0.418)
(157 ± 0.399)
P=0.8720
P=0.6797
50 µg/mL
0.231 ± 0.058
2.10 ± 0.785
(24.2 ± 0.407)
(220 ± 0.528)
P=0.5797
P=0.3812
100
0.204 ± 0.072
0.560 ± 0.111
µg/mL
(21.42 ± 0.509)
(58.64 ± 0.528)
P=0.5660
P=0.7625
250
0.731 ± 0.153
0.652 ± 0.400
µg/mL
(76.6 ± 0.363)
(68.29 ± 0.768)
P=0.8640
P=0.8168
Interleukin-6 (IL-6) concentrations (pg/mL)
Control
1.48 ± 0.206
1.48 ± 0.206
(53.2 ± 0.247)
(53.2 ± 0.247)
P=0.5656
P=0.5656
IL-1β
2.78 ± 0.299
2.78 ± 0.299
(100 ± 0.215)
(100 ± 0.215)
0.1 µg/mL
3.53 ± 1.98
3.18 ± 0.750
(127 ± 0.669)
(114 ± 0.343)
P=0.7402
P=0.8596
1.0 µg/mL
2.73 ± 0.768
1.48 ± 0.171
(98.2 ± 0.389)
(53.2 ± 0.223)
P=0.9824
P=0.5656
5.0 µg/mL
3.38 ± 0.826
1.68 ± 0.126
(122 ± 0.352)
(60.4 ± 0.182)
P=0.7908
P=0.6268
10 µg/mL
5.68 ± 0.900
1.68 ± 0.050
(204 ± 0.266)
(60.4 ± 0.137)
P=0.2005
P=0.6268
50 µg/mL
2.43 ± 0.337
3.93 ± 0.480
(87.4 ± 0.246)
(141 ± 0.229)
P=0.8770
P=0.6112
100
2.18 ± 0.411
5.18 ± 2.76
µg/mL
(78.4 ± 0.296
(186 ± 0.640)
P=0.7908
P=0.2891
250
2.28 ± 0.465
3.63 ± 0.678
µg/mL
(82.0 ± 0.311)
(131 ± 0.294)
P=0.8251
P=0.7071
Metalloproiteinase-3 (MMP-3) concentrations (ng/mL)
Control
0.717 ± 0.008
0.717 ± 0.008
(96.6 ± 0.019)
(96.6 ± 0.019)
P=0.6184
P=0.6184
IL-1β
0.742 ± 0.006
0.742 ± 0.006
(100 ± 0.015)
(100 ± 0.015)
0.1 µg/mL
0.732 ± 0.008
0.802 ± 0.024
(98.6 ± 0.018)
(108 ± 0.038)
P=0.8364
P=0.2436
1.0 µg/mL
0.710 ± 0.006
0.874 ± 0.094b
(95.6 ± 0.016)
(118 ± 0.115)
P=0.5210
P=0.0099‡
5.0 µg/mL
0.716 ± 0.008
0.744 ± 0.007
(96.4 ± 0.026)
(100 ± 0.017)
P=0.5988
P=0.9756
10 µg/mL
0.734 ± 0.013
0.749 ± 0.007
(98.8 ± 0.026)
(101 ± 0.017)
P=0.8631
P=0.9042

0.389 ± 0.095
(40.7 ± 0.398)
P=0.6650
2.24 ± 0.392
(235 ± 0.329)
P=0.3240
0.371 ± 0.154
(38.9 ± 0.569)
P=0.6553
0.858 ± 0.213
(89.9 ± 0.403)
P=0.9411
0.424 ± 0.092
(44.4 ± 0.372)
P=0.6846
1.36 ± 0.107
(142 ± 0223)
P=0.7574
0.595 ± 0.138
(62.3 ± 0.387)
P=0.7831

0.240 ± 0.147
(25.1 ± 0.443)
P=0.5843
1.92 ± 0.321
(202 ± 0.321)
P=0.4583
0.595 ± 0.169
(62.3 ± 0.486)
P=0.7831
0.568 ± 0.168
(59.56 ± 0.450)
P=0.7677
1.07 ± 0.293
(111.9 ± 0.428)
P=0.9304
1.34 ± 0.146
(141 ± 0.263)
P=0.7651
1.61 ± 0.249
(169 ± 0.309)
P=0.6169

0.805 ± 0.443
(84.4 ± 0.704)
P=0.9091
1.11 ± 0.140
(116 ± 0.281)
P=0.9064
1.81 ± 0.340
(189 ± 0.343)
P=0.5150
1.84 ± 0.514
(193 ± 0.433)
P=0.4957
0.621 ± 0.322
(65.1 ± 0.673)
P=0.7986
2.07 ± 0.685
(217 ± 0.673)
P=0.3941
1.87 ± 0.544
(196 ± 0.445)
P=0.4830)

0.792 ± 0.824
(83.0 ± 1.19)
P=0.9011
0.00 ± 0.175
(32.8 ± 0.400)
P=0.3323
0.108 ± 0.284
(11.3 ± 2.78)
P=0.5171
0.174 ± 0.245
(18.2 ± 1.57
P=0.5502
0.661 ± 0.597
(69.2 ± 1.06)
P=0.8220
0.674 ± 0.726
(70.6 ± 1.23)
P=0.8299
0.3371 ± 0.079
(38.9 ± 0.366)
P=0.6553

0.803 ± 0.496
(84.2 ± 0.771)
P=0.9079
0.743 ± 0.822
(77.9 ± 1.26)
P=0.8714)
0.924 ± 0.562
(96.8 ± 0.763)
P=0.9813
2.97 ± 0.575
(311 ± 0.348)
P=0.1233
1.62 ± 0.581
(169 ± 0.514)
P=0.612
2.43 ± 1.26
(255 ± 0.672)
P=0.2593
1.32 ± 0.695
(138 ± 0.682)
P=0.7824

0.050 ± 0.166
(5.26 ± 3.46)
P=0.4890
0.894 ± 0.248
(93.6 ± 0.432)
P=0.9629
1.68 ± 0.574
(176 ± 0.497)
P=0.5804
0.382 ± 0.299
(40.0 ± 0.939)
P=0.6611
0.412 ± 0.698
(43.1 ± 1.85)
P=0.6778
0.442 ± 0.143
(46.3 ± 0.479)
P=0.6948
0.472 ± 0.470
(49.4 ± 1.15)
P=0.7119

0.714 ± 0.670
(74.8 ± 1.09)
P=0.8542
0.089 ± 0.919
(9.36 ± 10.5)
P=0.5080
0.580 ± 1.44
(60.8 ± 2.63)
P=0.7747
0.402 ± 0.184
(42.1 ± 0.612)
P=0..6723
1.38 ± 0.321
(145 ± 0.386)
P=0.7423
1.34 ± 0.073
(140 ± 0.209)
P=0.7683
2.53 ± 0.215
(265 ± 0.228)
P=0.1119

2.37 ± 0.801
(248 ± 0.493)
P=0.2792
0.020 ± 0.120
(2.10 ± 5.35)
P=0.4467
0.030 ± 0.350
(2.10 ± 4.40)
P=0.3686
0.683 ± 0.350
(71.5 ± 0.666)
P=0.8353
1.22 ± 0.610
(128 ± 0.653)
P=0.8359
0.291 ± 0.413
(30.5 ± 1.57)
P=0.6117
0.060 ± 0.244
(6.31 ± 3.67)
P=0.4065

0.893 ± 0.882
(93.6 ± 1.14)
P=0.9624
0.327 ± 0.060
(34.3 ± 0.312)
P=0.7486
0.149 ± 0.362
(15.6 ± 2.26)
P-0.4447
0.205 ± 0.064
(21.5 ± 0.464)
P=0.5665
0.580 ± 0.571
(60.8 ± 1.14)
P=0.7747
6.52 ± 0.390 b
(683 ± 0.206)
P<0.0001‡
1.79 ± 0.236
(187 ± 0.297)
P=0.5247

3.66 ± 0.472b
(383.6 ± 0.266)
P=0.0046‡
0.685 ± 0.119
(71.7 ± 0.305)
P=0.6984
1.88 ± 1.67
(196 ± 1.05)
P=0.4812
2.86 ± 1.22
(299 ± 0.582)
P=0.1460
1.99 ± 0.487 b
(209 ± 0.366)
P<0.0001‡
3.24 ± 0.417 b
(340 ± 0.266)
P=0.0069‡
5.21 ± 0.519 b
(546 ± 0.231)
P<0.0001‡

1.48 ± 0.206
(53.2 ± 0.247)
P=0.5656
2.78 ± 0.299
(100 ± 0.215)
2.73 ± 0.129
(98.2 ± 0.155)
P=0.9824
4.08 ± 1.41
(147 ± 0.452)
P=0.5656
0.992 ± 0.002
(35.7 ± 0.110)
P=0.4295
0.993 ± 0.002a
(35.7 ± 0.109)
P=0.4296
1.01 ± 0.008
(36.5 ± 0.115)
P=0.4352
1.00 ± 0.003
(36.1 ± 0.111)
P=0.4325
0.997 ± 0.003
(35.8 ± 0.110)
P=0.4306

1.48 ± 0.206
(53.2 ± 0.247)
P=0.5656
2.78 ± 0.299
(100 ± 0.215)
1.01 ± 0.007
(36.2 ± 0.115)
P=0.4330
1.00 ± 0.005
(36.1 ± 0.113)
P=0.4324
0.993 ± 0.001
(35.7 ± 0.109)
P=0.4298
0.992 ± 0.001a
(35.7 ± 0.109)
P=0.4295
0.994 ± 0.004
(35.7 ± 0.112)
P=0.4229
0.999 ± 0.002
(35.9 ± 0.109)
P=0.4312
1.01 ± 0.004
(36.2 ± 0.111)
P=0.4330

1.48 ± 0.206
(53.2 ± 0.247)
P=0.5656
2.78 ± 0.299
(100 ± 0.215)
0.998 ± 0.004
(35.9 ± 0.111)
P=0.4310
0.994 ± 0.002
(35.8 ± 0.109)
P=0.4301
0.998 ± 0.004
(35.9 ± 0.111)
P=0.4311
0.993 ± 0.000a
(35.7 ± 0.108)
P=0.4197
0.995 ± 0.002
(35.8 ± 0.110)
P=0.4303
0.994 ± 0.001
(35.7 ± 0.108)
P=0.4299
0.995 ± 0.004
(35.8 ± 0.112)
P=0.4301

1.48 ± 0.206
(53.2 ± 0.247)
P=0.5656
2.78 ± 0.299
(100 ± 0.215)
1.00 ± 0.002
(36.1 ± 0.110)
P=0.4326
1.00 ± 0.002
(36.1 ± 0.109)
P=0.4327
1.01 ± 0.002
(36.2 ± 0.109)
P=0.4331
1.01 ± 0.003a
(36.4 ± 0.111)
P=0.4349
1.01 ± 0.001
(36.4 ± 0.109)
P=0.4343
1.01 ± 0.000
(36.3 ± 0.108)
P=0.4337
1.01 ± 0.001
(36.4 ± 0.108)
P=0.4349

1.48 ± 0.206
(53.2 ± 0.247)
P=0.5656
2.78 ± 0.299
(100 ± 0.215)
0.189 ± 0.195
(6.78 ± 1.14)
P=0.2525
0.762 ± 0.307
(27.4 ± 0.510)
P=0.3727
1.66 ± 0.585
(59.9 ± 0.459)
P=0.6218
2.89 ± 0.748
(104 ± 0.366)
P=0.9600
2.89 ± 1.34
(104 ± 0.569)
P=0.9600
0.393 ± 0.404
(14.2 ± 1.13)
P=0.2918
0.762 ± 0.321
(27.4 ± 0.528)
P=0.3727

1.48 ± 0.206
(53.2 ± 0.247)
P=0.5656
2.78 ± 0.299
(100 ± 0.215)
7.16 ± 4.33
(257 ± 0.712)
P=0.0538
1.66 ± 0.393
(59.9 ± 0.344)
P=0.6218
1.95 ± 0.271
(70.2 ± 0.246)
P=0.7140
1.34 ± 0.542
(48.1 ± 0.513)
P=0.5234
1.79 ± 0.623
(64.3 ± 0.457)
P=0.6607
2.65 ± 0.904
(95.2 ± 0.449)
P=0.9533
6.05 ± 2.64
(218 ± 0.544)
P=0.1491

1.48 ± 0.206
(53.2 ± 0.247)
P=0.5656
2.78 ± 0.299
(100 ± 0.215)
4.05 ± 3.74
(146 ± 0.907)
P=0.1685
0.956 ± 0.841
(34.4 ± 0.869)
P=0.4202
0.233 ± 0.369
(8.39 ± 1.69)
P=0.2607
2.51 ± 1.13
(90.3 ± 0.559)
P=0.9054
0.122 ± 0.444
(4.40 ± 2.68)
P=0.1709
0.233 ± 1.00
(8.39 ± 3.14)
P=0.3405
0.122 ± 0.339
(4.40 ± 2.51)
P=0.3659

1.48 ± 0.206
(53.2 ± 0.247)
P=0.5656
2.78 ± 0.299
(100 ± 0.215)
1.09 ± 0.335
(39.2 ± 0.414)
P=0.4552
0.803 ± 0.140
(28.9 ± 0.282)
P=0.3825
1.66 ± 0.562
(59.9 ± 0.4450
P=0.6218
0.189 ± 0.106a
(6.78 ± 0.669)
P=0.2525
1.54 ± 0.950
(55.4 ± 0.724)
P=0.5839
0.967 ± 0.420
(34.8 ± 0.542)
P=0.4231
1.14 ± 0.900
(41.2 ± 0.788)
P=0.3127

1.48 ± 0.206
(53.2 ± 0.247)
P=0.5656
2.78 ± 0.299
(100 ± 0.215)
2.90 ± 1.83
(104 ± 0.738)
P=0.9577
1.60 ± 1.72
(57.7 ± 1.04)
P=0.1470
2.18 ± 1.08
(78.3 ± 0.603)
P=0.7901
1.97 ± 1.12
(71.0 ± 0.599)
P=0.0165*
0.289 ± 0.167
(10.4 ± 0.684)
P=0.2713
0.344 ± 0.157
(12.4 ± 0.564)
P=0.2821
0.344 ± 0.203
(12.4 ± 0.693)
P=2821

1.48 ± 0.206
(53.2 ± 0.247)
P=0.5656
2.78 ± 0.299
(100 ± 0.215)
0.567 ± 0.128
(20.4 ± 0.303)
P=0.9969
2.63 ± 1.60
(95.0 ± 0.633)
P=0.9042
2.01 ± 0.996
(72.3 ± 0.603)
P=0.7339
1.73 ± 0.675
(62.4 ± 0.497)
P=0.6436
5.60 ± 3.60b
(202 ± 0.663)
P=0.0004‡
10.7 ± 2.73b
(384 ± 0.364)
P=0.0006‡
4.12 ± 1.05
(148 ± 0.363)
P=0.5530

0.717 ± 0.008
(96.6 ± 0.019)
P=0.6184
0.742 ± 0.006
(100 ± 0.015)
0.774 ± 0.015
(104 ± 0.027)
P=0.5378
0.870 ± 0.090b
(117 ± 0.111)
P=0.0119‡
0.751 ± 0.015
(101 ± 0.027)
P=0.8752
0.632 ± 0.042
(85.1 ± 0.058)
P=0.0287*

0.717 ± 0.008
(96.6 ± 0.019)
P=0.6184
0.742 ± 0.006
(100 ± 0.015)
0.604 ± 0.040a
(81.4 ± 0.074)
P=0.0066*
0.621 ± 0.033
(83.6 ± 0.062)
P=0.0168
0.575 ± 0.005a
(77.4 ± 0.016)
P=0.0010*
0.565 ± 0.004a
(76.1 ± 0.015)
P=0.0005*

0.717 ± 0.008
(96.6 ± 0.019)
P=0.6184
0.742 ± 0.006
(100 ± 0.015)
0.614 ± 0.049a
(82.6 ± 0.088)
P=0.0111*
0.536 ± 0.004a
(72.2 ± 0.014)
P<0.0001*
0.597 ± 0.047a
(80.4 ± 0.086)
P=0.0042*
0.634 ± 0.052
(85.3 ± 0.090)
P=0.0317*

0.717 ± 0.008
(96.6 ± 0.019)
P=0.6184
0.742 ± 0.006
(100 ± 0.015)
0.654 ± 0.055
(88.1 ± 0.092)
P=0.0821
0.563 ± 0.008a
(75.8 ± 0.022)
P=0.0004*
0.617 ± 0.036
(83.1 ± 0.065)
P=0.0134*
0.611 ± 0.034a
(82.2 ± 0.063)
P=0.0095

0.717 ± 0.008
(96.6 ± 0.019)
P=0.6184
0.742 ± 0.006
(100 ± 0.015)
0.727 ± 0.038
(97.8 ± 0.053)
P=0.6264
0.716 ± 0.049
(96.4 ± 0.068)
P=0.7575
0.744 ± 0.067
(100 ± 0.086)
P=0.9472
0.726 ± 0.055
(97.8 ± 0.073)
P=0.8197

0.717 ± 0.008
(96.6 ± 0.019)
P=0.6184
0.742 ± 0.006
(100 ± 0.015)
0.655 ± 0.009
(88.2 ± 0.020)
P=0.0684
0.650 ± 0.004
(87.5 ± 0.013)
P=0.0680
0.721 ± 0.071
(97.1 ± 0.093)
P=0.4585
0.641 ± 0.006
(86.3 ± 0.016)
P=0.0465*

0.717 ± 0.008
(96.6 ± 0.019)
P=0.6184
0.742 ± 0.006
(100 ± 0.015)
0.691 ± 0.052
(93.1 ± 0.072)
P=0.2230
0.712 ± 0.067
(95.7 ± 0.090)
P=0.3519
0.684 ± 0.108
(92.2 ± 0.145)
P=0.1076
0.598 ± 0.010a3
(80.5 ± 0.022)
P=0.0040*

0.717 ± 0.008
(96.6 ± 0.019)
P=0.6184
0.742 ± 0.006
(100 ± 0.015)
0.620 ± 0.003
(83.5 ± 0.011)
P=0.0159*
0.654 ± 0.017
(88.0 ± 0.026
P=0.0795
0.817 ± 0.194
(110 ± 0.175)
P=0.1418
0.711 ± 0.074
(95.7 ± 0.082)
P=0.5317

0.717 ± 0.008
(96.6 ± 0.019)
P=0.6184
0.742 ± 0.006
(100 ± 0.015)
0.671 ± 0.028
(90.4 ± 0.037)
P=0.1601
0.723 ± 0.044
(97.5 ± 0.061)
P=0.7894
0.669 ± 0.070
(90.2 ± 0.082)
P=0.1488
0.650 ± 0.075
(87.5 ± 0.089)
P=0.0663

0.717 ± 0.008
(96.6 ± 0.019)
P=0.6184
0.742 ± 0.006
(100 ± 0.015)
0.644 ± 0.057
(86.8 ± 0.071)
P=0.0528
0.639 ± 0.044
(86.1 ± 0.045)
P=0.0419*
0.677 ± 0.018
(91.1 ± 0.026)
P=0.1925
0.632 ± 0.020
(85.1 ± 0.030)
P=0.0295*
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50 µg/mL

0.756 ± 0.006
0.759 ± 0.009
(102 ± 0.016)
(102 ± 0.196)
P=0.7861
P=0.7385
100
0.772 ± 0.025
0.773 ± 0.004
µg/mL
(104 ± 0.040)
(104 ± 0.013)
P=0.5698
P=0.5430
250
0.780 ± 0.032
0.954 ± 0.140b
µg/mL
(105 ± 0.049)
(128 ± 0.155)
P=0.4596
P<0.0001‡
Total nitrate and nitrite concentrations (µM)
Control
12.4 ± 0.902
12.4 ± 0.902
(84.7 ± 0.087)
(84.7 ± 0.087)
P=0.7802
P=0.7802
IL-1β
14.7 ± 0.550
14.7 ± 0.550
(100 ± 0.075)
(100 ± 0.075)
0.1 µg/mL
14.6 ± 3.94
9.34 ± 2.01
(99.7 ± 0.307)
(63.6 ± 0.252)
P=0.9950
P=0.5070
1.0 µg/mL
10.2 ± 1.72
8.95 ± 2.31
(69.3 ± 0.307)
(60.9 ± 0.295)
P=0.5749
P=0.4750
5.0 µg/mL
8.12 ± 1.31
8.05 ± 1.97
(55.3 ± 0.200)
(54.8 ± 0.282)
P=0.4148
P=0.4097
10 µg/mL
9.05 ± 1.59
30.0 ± 14.3
(61.7 ± 0.213)
(204 ± 0.514)
P=0.4844
P=0.0577
50 µg/mL
9.92 ± 2.09
10.7 ± 2.51
(67.5 ± 0.248)
(72.7 ± 0.273)
P=0.5538
P=0.6183
100
11.1 ± 2.14
7.44 ± 2.77
µg/mL
(75.9 ± 0.229)
(50.6 ± 0.411)
P=0.6599
P=0.3680
250
10.0 ± 2.12
8.55 ± 0.390
µg/mL
(68.3 ± 0.249)
(58.2 ± 0.083)
P=0.5628
P=0.4463
Nitrite concentrations (µM)
Control
8.41 ± 0.00
8.41 ± 0.00
(95.4 ± 0.143)
(95.4 ± 0.143)
P=0.9668
P=0.9668
IL-1β
8.82 ± 0.096
8.82 ± 0.096
(100 ± 0.154)
(100 ± 0.154)
0.1 µg/mL
7.50 ± 0.765
4.26 ± 0.351
(85.1 ± 0.245)
(48.3 ± 0.226)
P=0.8924
P=0.6398
1.0 µg/mL
7.30 ± 1.23
4.36 ± 0.194
(82.8 ± 0.312)
(49.4 ± 0.188)
P=0.8760
P=0.6473
5.0 µg/mL
5.07 ± 0.729
6.89 ± 3.26
(57.5 ± 0.297)
(78.2 ± 0.616)
P=0.7004
P=0.8433
10 µg/mL
7.80 ± 0.836
4.66 ± 0.262
(93.1 ± 0.205)
(52.9 ± 0.199)
P=0.9172
P=0.6698
50 µg/mL
8.21 ± 0.507
4.86 ± 0.549
(93.1 ± 0.205)
(55.2 ± 0.2560
P=0.9502
P=0.6850
100
6.18 ± 0.346
9.73 ± 0.449
µg/mL
(70.1 ± 0.199)
(110 ± 0.190)
P=0.7868
P=0.9254
250
5.37 ± 0.418
10.0 ± 0.438
µg/mL
(60.9 ± 0.2210
(114 ± 0.187)
P=0.7236
P=0.9007
Nitrate concentrations (µM)
Control
5.49 ± 2.91
5.49 ± 2.91

0.655 ± 0.032a
(85.0 ± 0.058)
P=0.0287*
0.655 ± 0.031
(88.2 ± 0.055)
P=0.0825
0.579 ± 0.018a
(77.9 ± 0.039)
P=0.0013-*

0.563 ± 0.017a
(75.9 ± 0.038)
P=0.0005*
0.539 ± 0.001a
(72.5 ± 0.010)
P<0.0001*
0.552 ± 0.0129a
(74.4 ± 0.031)
P=0.0002*

0.581 ± 0.016a
(78.3 ± 0.036)
P=0.0016*
0.625 ± 0.055a
(84.2 ± 0.095)
P=0.0205*
0.629 ± 0.025a
(94.7 ± 0.047)
P=0.0252*

0.539 ± 0.001a
(72.5 ± 0.010)
P<0.0001*
0.551 ± 0.009a
(74.2 ± 0.024)
P=0.0002*
0.682 ± 0.028
(91.8 ± 0.048)
P=0.2275

0.744 ± 0.036
(100 ± 0.050)
P=0.994
0.669 ± 0.021
(90.1 ± 0.034)
P=0.1399
0.658 ± 0.020a
(88.6 ± 0.035)
P=0.0604

0.619 ± 0.008a
(83.4 ± 0.019)
P=0.0159*
0.720 ± 0.061
(96.9 ± 0.081)
P=0.6324
0.655 ± 0.016a
(88.2 ± 0.029)
P=0.0797

0.674 ± 0.021
(90.8 ± 0.035)
P=0.1596
0.698 ± 0.042
(93.9 ± 0.060)
P=0.3213
0.664 ± 0.007
(89.4 ± 0.019)
P=0.1288

0.720 ± 0.059
(95.6 ± 0.067)
P=0.5136
0.696 ± 0.018
(93.8 ± 0.026)
P=0.3596
0.719 ± 0.034
(96.8 ± 0.041)
P=0.6422

0.639 ± 0.007a
(86.0 ± 0.015)
P=0.0402*
0.673 ± 0.007
(90.6 ± 0.015)
P=0.1686
0.717 ± 0.015
(96.5 ± 0.023)
P=0.6085

0.683 ± 0.032
(92.1 ± 0.041)
P=0.2491
0.702 ± 0.007
(94.5 ± 0.015)
P=0.2491
0.724 ± 0.008
(97.5 ± 0.015)
P=0.7150

12.4 ± 0.902
(84.7 ± 0.087)
P=0.7802
14.7 ± 0.550
(100 ± 0.075)
9.49 ± 1.78
(64.6 ± 0.226)
P=0.5185
10.2 ± 3.43
(69.8 ± 0.373)
P=0.5811
5.90 ± 0.515
(40.2 ± 0.125)
P=0.2753
6.07 ± 1.15
(41.3 0.227)
P=0.2849
5.55 ± 0.389
(37.8 ± 0.096)
P=0.2568
5.69 ± 0.336
(38.7 ± 0.096)
P=0.2641
11.5 ± 2.06
(78.0 ± 0.217)
P=0.6881

12.4 ± 0.902
(84.7 ± 0.087)
P=0.7802
14.7 ± 0.550
(100 ± 0.075)
6.66 ± 2.23
(45.4 ± 0.372)
P=0.3191
6.83 ± 0.215
(46.5 ± 0.069)
P=0.3297
7.91 ± 0.603
(53.9 ± 0.113)
P=0.4002
6.38 ± 0.654
(43.5 ± 0.140)
P=0.3027
8.26 ± 1.18
(56.2 ± 0.181)
P=0.4248
9.89 ± 0.711
(67.4 ± 0.109)
P=0.5515
6.28 ± 0.462
(42.8 ± 0.111)
P=0.2967

12.4 ± 0.902
(84.7 ± 0.087)
P=0.7802
14.7 ± 0.550
(100 ± 0.075)
5.79 ± 1.90
(39.5 ± 0.365)
P=0.2697
27.0 ± 13.8b
(184 ± 0.549)
P=0.1273
8.33 ± 2.42
(56.7 ± 0.328)
P=0.4298
6.73 ± 0.736
(45.8 ± 0.147)
P=0.3233
4.65 ± 0.861
(31.6 ± 0.223)
P=0.2128
5.69 ± 0.605
(38.7 ± 0.144)
P=0.2641
4.85 ± 1.24
(33.1 ± 0.293)
P=0.2225

12.4 ± 0.902
(84.7 ± 0.087)
P=0.7802
14.7 ± 0.550
(100 ± 0.075)
7.44 ± 0.508
(50.6 ± 0.106)
P=0.3681
7.50 ± 0.545
(51.1 ± 0.110)
P=0.3725
7.40 ± 0.586
(50.4 ± 0.117)
P=0.3659
9.22 ± 0.787
(62.8 ± 0.122)
P=0.4974
11.6 ± 0.616
(78.9 ± 0.091)
P=0.6997
9.49 ± 0.553
(64.6 ± 0.096)
P=0.5188
11.8 ± 0.555
(80.2 ± 0.085)
P=0.7183

12.4 ± 0.902
(84.7 ± 0.087)
P=0.7802
14.7 ± 0.550
(100 ± 0.075)
3.10 ± 1.41
(21.1 ± 0.492)
P=0.1507
4.83 ± 1.60
(32.9 ± 0.369)
P=0.2215
5.49 ± 1.35
(37.4 ± 0.292)
P=0.2538
4.23 ± 1.06
(28.8 ± 0.288)
P=0.1946
5.15 ± 0.599
(35.1 ± 0.154)
P=0.1469
10.3 ± 5.05
(70.0 ± 0.529)
P=0.5840
16.5 ± 2.82
(112. ± 0.209)
P=0.8226

12.4 ± 0.902
(84.7 ± 0.087)
P=0.7802
14.7 ± 0.550
(100 ± 0.075)
4.56 ± 0.838
(31.0 ± 0.221)
P=0.2088
8.16 ± 5.21
(55.6 ± 0.577)
P=0.4175
13.6 ± 10.0
(92.3 ± 0.775)
P=0.8882
3.65 ± 1.72
(24.8 ± 0.508)
P=0.1709
2.99 ± 1.22
(20.4 ± 0.446)
P=0.1469
4.07 ± 1.24
(27.7 ± 0.343)
P=0.1877
20.0 ± 9.05
(136 ± 0.490)
P=0.5107

12.4 ± 0.902
(84.7 ± 0.087)
P=0.7802
14.7 ± 0.550
(100 ± 0.075)
10.4 ± 3.15
(70.7 ± 0.341)
P=0.5924
34.8 ± 19.9b
(237 ± 0.611)
P=0.0129‡
12.8 ± 4.77
(87.1 ± 0.410)
P=0.8140
15.7 ± 8.72b
(107 ± 0.594)
P=0.9034
31.1 ± 12.8
(212 ± 0.447)
P=0.0415‡
1.34 ± 2.37
(9.13 ± 1.81)
P=0.0981
0.886 ± 2.60
(6.04 ± 2.97)
P=0.0872

12.4 ± 0.902
(84.7 ± 0.087)
P=0.7802
14.7 ± 0.550
(100 ± 0.075)
8.53 ± 2.29
(58.1 ± 0.306)
P=0.4445
9.42 ± 3.37
(64.1 ± 0.395)
P=0.5130
6.19 ± 1.00
(42.1 ± 0.199)
P=0.2914
6.18 ± 0.372
(42.1 ± 0.098)
P=0.2910
8.86 ± 1.31
(60.3 ± 0.185)
P=0.4695
8.40 ± 1.11
(57.2 ± 0.170)
P=0.4352
0.00 ± 19.6a
(0.001 ± 0.078)
P<0.0001*

12.4 ± 0.902
(84.7 ± 0.087)
P=0.7802
14.7 ± 0.550
(100 ± 0.075)
9.18 ± 4.90
(62.5 ± 0.571)
P=0.4943
26.5 ± 17.0b
(180 ± 0.680)
P=0.1432
7.05 ± 7.65
(48.0 ± 1.120
P=0.3432
0.716 ± 1.41
(4.88 ± 2.01)
P=0.0257*
4.81 ± 4.46
(32.7 ± 0.966)
P=0.2202
5.31 ± 0.376
(36.2 ± 0.108)
P=0.2446
29.4 ± 20.2b
(200 ± 0.7220
P=0.0675

12.4 ± 0.902
(84.7 ± 0.087)
P=0.7802
14.7 ± 0.550
(100 ± 0.075)
43.9 ± 1.73
(299 ± 0.077)
P=0.0003‡
31.7 ± 3.04b
(216 ± 0.133)
P=0.0350‡
24.3 ± 10.2b
(166 ± 0.456)
P=0.2314
36.2 ± 10.2b
(246 ± 0.319)
P=0.0080‡
12.2 ± 4.61
(83.0 ± 0.416)
P=0.7562
22.3 ± 8.27
(152 ± 0.409)
P=0.3467
16.0 ± 6.91
(109 ± 0.471)
P=0.8739

8.41 ± 0.00
(95.4 ± 0.143)
P=0.9668
8.82 ± 0.096
(100 ± 0.154)
5.98 ± 0.00
(67.8 ± 0.143)
P=0.7709
6.78 ± 0.194
(64.4 ± 0.178)
P=0.7471
5.27 ± 0.597
(59.8 ± 0.257)
P=0.7159
4.56 ± 0.194
(51.7 ± 0.186)
P=0.6623
6.89 ± 0.497
(78.2 ± 0.215)
P=0.8433
7.70 ± 0.549
(87.4 ± 0.215)
P=0.9089
7.60 ± 0.729
(86.2 ± 0.239)
P=0.9007

8.41 ± 0.00
(95.4 ± 0.143)
P=0.9668
8.82 ± 0.096
(100 ± 0.154)
4.36 ± 0.194
(49.4 ± 0.188)
P=0.6473
4.26 ± 0.341
(48.3 ± 0.226)
P=0.6398
5.37 ± 0.418
(60.9 ± 0.221)
P=0.7236
6.18 ± 0.346
(70.1 ± 0.199)
P=0.7868
6.89 ± 0.721
(78.2 ± 0.248)
P=0.8433
7.80 ± 0.346
(88.5 ± 0.188)
P=0.9172
8.21 ± 0.507
(93.1 ± 0.205)
P=0.9502

8.41 ± 0.00
(95.4 ± 0.143)
P=0.9668
8.82 ± 0.096
(100 ± 0.154)
6.89 ± 3.26
(78.2 ± 0.616)
P=0.8433
4.66 ± 0.262
(52.9 ± 0.199)
P=0.6698
4.86 ± 0.549
(55.2 ± 0.256)
P=0.6850
4.46 ± 0.234
(50.6 ± 0.196)
P=0.6547
4.46 ± 0.370
(50.6 ± 0.226)
P=0.6547
4.86 ± 0.641
(55.2 ± 0.275)
P=0.6850
4.66 ± 0.785
(52.9 ± 0.312)
P=0.6698

8.41 ± 0.00
(95.4 ± 0.143)
P=0.9668
8.82 ± 0.096
(100 ± 0.154)
2.94 ± 0.497
(33.3 ± 0.312)
P=0.5465
2.03 ± 0.507
(23.0 ± 0.393)
P=0.4861
3.75 ± 0.438
(42.5 ± 0.260)
P=0.6031
5.57 ± 0.972
(63.2 ± 0.318)
P=0.7393
2.74 ± 0.884
(31.0 ± 0.466)
P=0.5327
3.75 ± 0.828
(42.5 ± 0.364)
P=0.6031
3.55 ± 0.914
(40.2 ± 0.401)
P=0.5887

8.41 ± 0.00
(95.4 ± 0.143)
P=0.9668
8.82 ± 0.096
(100 ± 0.154)
0.826 ± 0.149
(9.37 ± 0.313)
P=0.4124
0.264 ± 0.133
(2.99 ± 0.646)
P=0.33804
26.6 ± 26.4b
(301 ± 1.14)
P=0.0691
0.404 ± 0.121
(4.59 ± 0.443)
P=0.3882
0.404 ± 0.138
(4.59 ± 0.484)
P=0.3882
0.994 ± 0.319
(11.3 ± 0.363)
P=0.4223
2.23 ± 0.662
(25.3 ± 0.440)
P=0.4992

8.41 ± 0.00
(95.4 ± 0.143)
P=0.9668
8.82 ± 0.096
(100 ± 0.154)
2.23 ± 0.505
(25.3 ± 0.370)
P=0.4992
0.854 ± 0.145
(9.69 ± 0.313)
P=0.4140
7.31 ± 6.91
(83.0 ± 1.09)
P=0.8774
27.6 ± 15.6b
(313 ± 0.710)
P=0.0548
0.489 ± 0.071
(5.54 ± 0.288)
P=0.3930
0.034 ± 0.145
(0.382 ± 4.45)
P=0.3677
0.033 ± 0.010
(0.376 ± 0.433)
P=0.3677

8.41 ± 0.00
(95.4 ± 0.143)
P=0.9668
8.82 ± 0.096
(100 ± 0.154)
25.9 ± 26.4
(294 ± 1.16)
P=0.0798
0.000 ± 0.121
(0.000 ± 0.348)
P=0.3526
0.000 ± 0.138
(0.000 ± 0.413)
P=0.3526
0.343 ± 0.319
(3.89 ± 1.07)
P=0.3846
1.58 ± 0.662
(17.9 ± 0.563)
P=0.4578
18.3 ± 13.5
(207 ± 0.883)
P=0.3327
11.2 ± 11.1
(127 ± 1.13)
P=0.8035

8.41 ± 0.00
(95.4 ± 0.143)
P=0.9668
8.82 ± 0.096
(100 ± 0.154)
18.9 ± 13.5b
(214 ± 0.858)
P=0.0374‡
11.9 ± 11.1
(135 ± 1.08)
P=0.7805
0.685 ± 0.285
(7.77 ± 0.559)
P=0.4042
30.2 ± 22.4b
(343 ± 0.885)
P=0.0286‡
9.56 ± 7.25
(108 ± 0.901)
P=0.9391
0.517 ± 0.046
(5.86 ± 0.232)
P=0.3946
21.1 ± 13.2
(239 ± 0.772)
P=0.2089

8.41 ± 0.00
(95.4 ± 0.143)
P=0.9668
8.82 ± 0.096
(100 ± 0.154)
0.034 ± 0.285
(0.382 ± 8.59)
P=0.3677
29.6 ± 25.9b
(336 ± 0.902)
P=0.0338‡
8.91 ± 7.25
(101 ± 0.957)
P=0.9924
0.135 ± 0.046
(1.53 ± 0.484)
P=0.3732
20.4 ± 15.3
(232 ± 0.792)
P=0.2341
1.58 ± 0.505
(17.9 ± 0.463)
P=0.4578
0.202 ± 0.145
(2.29 ± 0.861)
P=0.3769

8.41 ± 0.00
(95.4 ± 0.143)
P=0.9668
8.82 ± 0.096
(100 ± 0.154)
6.66 ± 6.91
(75.6 ± 1.18)
P=0.8250
26.9 ± 15.6b
(306 ± 0.723(
P=0.0637
0.556 ± 0.222
(6.31 ± 0.542)
P=0.3968
22.7 ± 7.11
(257 ± 0.457)
P=0.1563
5.18 ± 2.75
(58.8 ± 0.673)
P=0.7093
3.96 ± 1.10
(44.9 ± 0.420)
P=0.6179
7,90 ± 5.39
(89.6 ± 0.825)
P=0.9253

5.49 ± 2.91

5.49 ± 2.91

5.49 ± 2.91

5.49 ± 2.91

5.49 ± 2.91

5.49 ± 2.91

5.49 ± 2.91

5.49 ± 2.91

5.49 ± 2.91

5.49 ± 2.91
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(81.7 ± 1.05)
(81.7 ± 1.05)
(81.7 ± 1.05)
P=0.8869
P=0.8869
P=0.8869
IL-1β
6.71 ± 3.48
6.71 ± 3.48
6.71 ± 3.48
(100 ± 1.10)
(100 ± 1.10)
(100 ± 1.10)
0.1 µg/mL
7.13 ± 3.87
5.09 ± 1.67
3.51 ± 1.78
(106 ± 1.06)
(75.7 ± 0.847)
(52.2 ± 1.04)
P=0.8203
P=0.7000
P=0.6119
1.0 µg/mL
2.87 ± 1.02
4.59 ± 2.33
4.57 ± 3.47
(42.8 ± 0.873)
(68.3 ± 1.03)
(68.0 ± 1.28)
P=0.5780
P=0.6717
P=0.6705
5.0 µg/mL
3.05 ± 0.977
1.16 ± 4.16
0.626 ± 0.449
(45.4 ± 0.873)
(17.2 ± 4.12)
(9.33 ± 1.059)
P=0.5875
P=0.4909
P=0.4656
10 µg/mL
1.25 ± 1.50
25.3 ± 14.5
1.51 ± 1.16
(18.6 ± 1.72)
(377 ± 1.09)
(22.5 ± 1.29)
P=0.4955
P=0.2386
P=0.5083
50 µg/mL
1.71 ± 2.34
5.81 ± 1.97
0.000 ± 0.653
(25.4 ± 0.839)
(86.5 ± 0.858)
(0.000 ± 0.033
P=0.5182
P=0.7418
P=0.3780
100
4.96 ± 2.06
0.000 ± 3.08
0.000 ± 0.970
µg/mL
(73.9 ± 0.934)
(0.000 ± 0.824)
(0.000 ± 0.133)
P=0.6928
P=0.3395
P=0.3718
250
4.65 ± 1.97
0.000 ± 0.496
3.85 ± 2.25
µg/mL
(69.3 ± 0.942)
(0.000 ± 0.184)
(57.4 ± 1.10)
P=0.6755
P=0.3721
P=0.6307
Sulfated Glycosaminoglycans (sGAG) concentrations (µg/mL)
Control
7.77 ± 1.69
7.77 ± 1.69
7.77 ± 1.69
(87.7 ± 0.096)
(87.7 ± 0.096)
(87.7 ± 0.096)
P=0.0731
P=0.0731
P=0.0731
IL-1β
9.68 ± 1.12
9.68 ± 1.12
9.68 ± 1.12
(100 ± 0.131)
(100 ± 0.131)
(100 ± 0.131)
0.1 µg/mL
7.41 ± 1.15
6.23 ± 0.136
7.36 ± 0.448
(76.9 ± 0.221)
(64.6 ± 0.087)
(76.4 ± 0.126)
P=0.1410
P=0.0626
P=0.0062*
1.0 µg/mL
5.27 ± 0.971
7.95 ± 0.388
8.18 ± 0.498b
(54.7 ± 0.249)
(82.6 ± 0.114)
(84.9 ± 0.126)
P=0.1445
P=0.2149
P=0.0250*
5.0 µg/mL
4.27 ± 0.262
6.23 ± 0.395
5.23 ± 0.271
(53.8 ± 0.284)
(64.6 ± 0.129)
(54.3 ± 0.117)
P=0.0388*
P=0.0047*
P=0.0020*
10 µg/mL
5.68 ± 0.653
5.64 ± 0.340
4.18 ± 0.580
(59.0 ± 0.180)
(58.5 ± 0.126)
(43.4 ± 0.204)
P=0.0016*
P=0.0042*
P=0.0006*
50 µg/mL
6.91 ± 0.356
5.73 ± 0.410
4.68 ± 0.623
(71.7 ± 0.117)
(59.4 ± 0.137)
(48.6 ± 0.198)
P=0.0274*
P=0.0073*
P=0.0014*
100
6.95 ± 0.596
6.00 ± 0.445
4.42 ± 0.393
µg/mL
(72.2 ± 0.151)
(62.3 ± 0.140)
(45.9 ± 0.154)
P=0.0536
P=0.0088*
P=0.0014*
250
3.14 ± 1.29
4.82 ± 0.367
4.18 ± 0.298
µg/mL
(32.6 ± 0.476)
(50.0 ± 0.142)
(43.4 ± 0.137)
P=0.0081*
P=0.0006*
P=0.0012*

(81.7 ± 1.05)
P=0.8869
6.71 ± 3.48
(100 ± 1.10)
2.30 ± 2.25
(34.3 ± 1.50)
P=0.5483
2.58 ± 0.553
(38.4 ± 0.733)
P=0.5625
2.54 ± 0.680
(37.8 ± 0.733)
P=0.5605
0.348 ± 0.155
(5.19 ± 0.964)
P=0.4525
1.37 ± 1.52
(20.3 ± 1.63)
P=0.5012
2.09 ± 0.635
(31.1 ± 0.823)
P=0.5372
0.000 ± 0.727
(0.000 ± 0.142)
P=0.3539

(81.7 ± 1.05)
P=0.8869
6.71 ± 3.48
(100 ± 1.10)
0.000 ± 4.12
(0.000 ± 3.23)
P=0.3882
22.3 ± 14.0
(332 ± 1.15)
P=0.3444
3.46 ± 1.88
(51.6 ± 1.06)
P=0.6095
2.27 ± 0.509
(33.8 ± 0.743)
P=0.5466
0.187 ± 1.08
(2.79 ± 6.30)
P=0.4451
0.824 ± 0.892
(12.3 ± 1.60)
P=0.4749
9,193 ± 1.46
(2.87 ± 8.11)
P=0.4453

(81.7 ± 1.05)
P=0.8869
6.71 ± 3.48
(100 ± 1.10)
4.50 ± 0.260
(67.0 ± 0.577)
P=0.6666
5.48 ± 0.246
(81.6 ± 0.564)
P=0.7225
3.65 ± 0.413
(54.4 ± 0.632)
P=0.6199
3.65 ± 1.29
(54.3 ± 0.872)
P=0.6195
8.84 ± 0.937
(132 ± 0.625)
P=0.9243
5.74 ± 0.389
(85.5 ± 0.585)
P=0.7378
8.23 ± 0.893
(123 ± 0.627)
P=0.8870

(81.7 ± 1.05)
P=0.8869
6.71 ± 3.48
(100 ± 1.10)
2.28 ± 1.37
(33.9 ± 1.120
P=0.5469
4.57 ± 1.51
(68.1 ± 0.849)
P=0.6707
0.000 ± 31.0
(0.000 ± 0.756)
P=0.0166*
3.83 ± 0.963
(57.0 ± 0.770)
P=0.6294
4.75 ± 0.600
(138 ± 1.07)
P=0.6806
9.28 ± 5.11
(138 ± 1.07)
P=0.9514
14.3 ± 2.56
(212 ± 0.698)
P=0.7463

(81.7 ± 1.05)
P=0.8869
6.71 ± 3.48
(100 ± 1.10)
2.33 ± 1.15
(34.7 ± 1.01)
P=0.5495
7.30 ± 5.24
(109 ± 1.24)
P=0.8305
6.24 ± 13.9
(92.9 ± 2.75)
P=0.7670
0.000 ± 23.0
(0.000 ± 0.162)
P=0.0090*
2.50 ± 1.18
(37.3 ± 0.989)
P=0.5586
4.03 ± 1.14
(60.1 ± 0.801)
P=0.6408
19.9 ± 9.05
(297 ± 0.972)
P=0.4456

(81.7 ± 1.05)
P=0.8869
6.71 ± 3.48
(100 ± 1.10)
0.000 ± 36.2
(0.000 ± 1.13)
P=0.0484*
35.1 ± 19.8b
(522 ± 1.08)
P=0.0543
13.0 ± 4.65
(194 ± 0.875)
P=0.8187
15.3 ± 8.42
(228 ± 1.07)
P=0.6852
29.6 ± 12.8b
(440 ± 0.950)
P=0.1327
0.000 ± 20.9
(0.000 ± 0.356)
P=0.0377*
0.000 ± 18.6
(0.000 ± 0.748)
P=0.1152

(81.7 ± 1.05)
P=0.8869
6.71 ± 3.48
(100 ± 1.10)
0.000 ± 15.8
(0.000 ± 0.796)
P=0.1146
0.000 ± 9.42
(0.000 ± 2.78)
P=0.3325
5.50 ± 1.06
(81.9 ± 0.712)
P=0.7239
0.000 ± 32.2
(0.000 ± 0.427)
P=0.0088*
0.000 ± 9.61
(0.000 ± 11.40
P=0.4053
7.89 ± 1.09
(117 ± 0.656)
P=0.8658
0.000 ± 25.3a
(0.000 ± 0.386)
P<0.0001*

(81.7 ± 1.05)
P=0.8869
6.71 ± 3.48
(100 ± 1.10)
9.15 ± 4.97
(136 ± 1.06)
P=0.9431
0.000 ± 33.6
(0.000 ± 10.3)
P=0.3090
0.000 ± 12.6
(0.000 ± 5.35)
P=0.3568
0.000 ± 1.62
(0.000 ± 0.115)
P=0.2953
0.000 ± 16.6
(0.000 ± 0.115)
P=0.0478*
3.73 ± 0.494
(55.6 ± 0.651)
P=0.6241
29.2 ± 20.2
(435 ± 1.221)
P=0.1393

(81.7 ± 1.05)
P=0.8869
6.71 ± 3.48
(100 ± 1.10)
37.3 ± 6.78b
(555 ± 0.701)
P=0.0363‡
4.77 ± 15.8
(71.0 ± 3.83)
P=0.6818
23.8 ± 10.1
(354 ± 0.945)
P=0.2902
13.5 ± 16.1
(201 ± 1.71)
P=0.7907
7.00 ± 2.24
(273 ± 0.939)
P=0.8124
18.3 ± 7.70
(273 ± 0.940)
P=0.8124
8.06 ± 4.17
(120 ± 1.04)
P=0.5247

7.77 ± 1.69
(87.7 ± 0.096)
P=0.0731
9.68 ± 1.12
(100 ± 0.131)
5.43 ± 3.85
(56.4 ± 0.134)
P=0.0029*
5.87 ± 0.434
(60.9 ± 0.139)
P=0.0026*
5.05 ± 0.480
(52.4 ± 0.160)
P=0.0012*
7.40 ± 1.51
(76.8 ± 0.269)
P=0.3865
4.13 ± 0.631a
(42.9 ± 0.218)
P=0.0008*
7.55 ± 0.276
(78.3 ± 0.102)
P=0.0194*
8.85 ± 1.38b
(91.8 ± 0.221)
P=0.6301

7.77 ± 1.69
(87.7 ± 0.096)
P=0.0731
9.68 ± 1.12
(100 ± 0.131)
6.63 ± 0.621
(68.9 ± 0.159)
P=0.0051*
5.05 ± 0.213
(52.4 ± 0.108)
P=0.0015*
5.10 ± 0.704
(52.9 ± 0.204)
P=0.0080*
4.62 ± 0.393
(47.9 ± 0.150)
P=0.0023*
5.77 ± 0.458
(59.9 ± 0.145)
P=0.0025*
6.83 ± 0.426
(70.9 ± 0.128)
P=0.0274*
6.01 ± 0.843b
(62.4 ± 0.206)
P=0.0370*

7.77 ± 1.69
(87.7 ± 0.096)
P=0.0731
9.68 ± 1.12
(100 ± 0.131)
6.73 ± 1.22
(69.9 ± 0.247)
P=0.0968
8.37 ± 0.404b
(86.8 ± 0.114)
P=0.0922
5.14 ± 0.395
(53.4 ± 0.142)
P=0.0039*
3.94 ± 0.184
(40.9 ± 0.112)
P=0.0004*
6.49 ± 0.546
(67.4 ± 0.149)
P=0.0145*
6.92 ± 0.538
(71.8 ± 0.143)
P=0.0422*
9.41 ± 0.946b
(97.6 ± 0.166)
P=0.4584

7.77 ± 1.69
(87.7 ± 0.096)
P=0.0731
9.68 ± 1.12
(100 ± 0.131)
7.59 ± 1.68
(78.8 ± 0.286)
P=0.0231*
8.27 ± 0.832b
(85.9 ± 0.166)
P=0.0358*
5.95 ± 0.972
(61.8 ± 0.229)
P=0.0025*
5.77 ± 0.577
(59.9 ± 0.165)
P=0.0054*
1.41 ± 0.309a
(14.6 ± 0.285)
P<0.0001*
2.00 ± 0.668a
(20.8 ± 0.399)
P=0.0005*
16.7 ± 4.44b
(173 ± 0.332)
P=0.3064

7.77 ± 1.69
(87.7 ± 0.096)
P=0.0731
9.68 ± 1.12
(100 ± 0.131)
4.68 ± 1.62
(48.6 ± 0.256)
P=0.0280*
8.55 ± 2.05b
(88.7 ± 0.235)
P=0.0205*
4.95 ± 3.88
(51.4 ± 0.331)
P=.1242
8.45 ± 0.923b
(87.7 ± 0.213)
P=0.2333
8.50 ± 1.26
(88.2 ± 0.173)
P=0.1878
7.50 ± 1.18
(77.8 ± 0.163)
P=0.0501
6.86 ± 0.721b
(71.2 ± 0.338)
P=0.0151*

7.77 ± 1.69
(87.7 ± 0.096)
P=0.0731
9.68 ± 1.12
(100 ± 0.131)
7.72 ± 0.720
(80.1 ± 0.441)
P=0.0383*
6.14 ± 0.880
(63.7 ± 0.306)
P=0.0277*
5.04 ± 0.361
(52.3 ± 0.848)
P=0.0032*
6.18 ± 1.07
(64.2 ± 0.174)
P=0.0045*
6.71 ± 1.59
(69.6 ± 0.213)
P=0.0263*
6.58 ± 0.913
(68.3 ± 0.223)
P=0.0819
3.82 ± 0.915
(39.6 ± 0.170)
P=0.0006*

7.77 ± 1.69
(87.7 ± 0.096)
P=0.0731
9.68 ± 1.12
(100 ± 0.131)
3.64 ± 0.692a
(37.7 ± 0.159)
P=0.0021*
5.32 ± 0.901
(55.2 ± 0.209)
P=0.0027*
5.27 ± 1.40
(54.7 ± 0.137)
P=0.0006*
6.32 ± 0.931
(65.6 ± 0.238)
P=0.0358*
9.27 ± 0.999
(96.2 ± 0.302)
P=0..2674
10.4 ± 1.02b
(108 ± 0.204)
P=0.7602
6.14 ± 1.67b
(63.7 ± 0.305)
P=0.0978

7.77 ± 1.69
(87.7 ± 0.096)
P=0.0731
9.68 ± 1.12
(100 ± 0.131)
4.08 ± 1.47a
(42.3 ± 0.427)
P=0.0020*
2.68 ± 0.907
(27.8 ± 0.404)
P=0.0016*
4.65 ± 1.11
(48.3 ± 0.304)
P=0.0145*
6.05 ± 0.978
(62.8 ± 0.227)
P=0.0100*
6.49 ± 1.06
(67.4 ± 0.229)
P=0.0240*
5.79 ± 1.28
(60.1 ± 0.286)
P=0.0195*
5.09 ± 0.586
(52.8 ± 0.181)
P=0.0045*

7.77 ± 1.69
(87.7 ± 0.096)
P=0.0731
9.68 ± 1.12
(100 ± 0.131)
4.78 ± 0.833
(49.6 ± 0.240)
P=0.0026*
5.13 ± 0.776
(53.3 ± 0.217)
P=0.0018*
4.87 ± 0.833
(50.5 ± 0.237)
P=0.0032*
5.44 ± 0.491
(56.4 ± 0.156)
P=0.0024*
5,92 ± 0.699
(61.4 ± 0.183)
P=0.0230*
5.96 ± 0.628
(61.9 ± 0.171)
P=0.0151*
5.09 ± 0.775
(52.8 ± 0.218)
P=0.0126*
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9.4.3 Cyclooxygenase inhibition
The COX ratios (Figure 9.2) for carprofen, nutraceutical, and select constituents were
calculated by dividing the determined IC50 of COX-2 inhibition by the IC50 of COX-1 for each
substance. A ratio of 1 indicates the compound is a non-preferential COX inhibitor. A ratio of
less than 1 indicates preferential COX-2 inhibition and a ratio of greater than 1 indicates
selectivity for COX-1 inhibition. The majority of nutraceutical constituents displayed selectivity
for COX-2 inhibition. C-phycocyanin (CPC), citrus bioflavonoids, turmeric, and glucosamine
hydrochloride all had COX ratios of less than 1. The blue-green algae extract and MSM both had
COX ratios of 1, which indicates that they are non-preferential COX inhibitors. Grape seed
extract had a COX ratio slightly over 1, which indicates a mild preference for the inhibition of
COX-1.
9.4.4 Lipoxygenase inhibition
Initial LOX activity was determined to be 9.56 ± 4.01 nM/min/mL (Figure 9.3). All
concentrations of carprofen, nutraceutical, and constituents failed to significantly affect LOX
activity compared to initial activity. Carprofen, the nutraceutical, and most constituents were not
found to be statistically different from each other at all concentrations.

344

Figure 9.2 Cyclooxygenase (COX) ratios for carprofen, nutraceutical, and select nutraceutical
constituents [proprietary blue-green algae extract, C-phycocyanin (CPC), citrus bioflavonoids,
turmeric, grape seed extract, glucosamine hydrochloride, and methylsulfonylmethane (MSM)] (n
= 4, mean ± SEM). A ratio of 1:1 indicated equal inhibition of both COX isoforms, a ratio < 1
indicates preferential COX-2 inhibition, and a ratio > 1 indicates preferential COX-1 inhibition
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Figure 9.3 Lipoxygenase (LOX) inhibitory activity by carprofen, nutraceutical, and select
nutraceutical constituents [proprietary blue-green algae extract, C-phycocyanin (CPC), citrus
bioflavonoids, turmeric, grape seed extract, glucosamine hydrochloride, methylsulfonylmethane
(MSM), and creatine)] (n = 3, mean ± SEM). *Significantly different than initial activity (P <
0.05). †Significantly different than carprofen at the same concentration (P < 0.05).

9.4.5 Anti-oxidant capacity
The anti-oxidant capacity of the nutraceutical and select constituents is expressed as mM
Trolox equivalents (Figure 9.4). While the nutraceutical exhibited a positive dose-response
relationship, only at 100 μg/mL does the nutraceutical display anti-oxidant capacity significantly
different from baseline. The blue-green algae extract, CPC, α-lipoic acid, MSM, and creatine
failed to display anti-oxidant capacity that was significantly different from baseline at all
concentrations. The citrus bioflavonoids at 1.0 and 50 to100 μg/mL, turmeric at 5.0 to 100
μg/mL, grape seed extract at 5.0 to 100 μg/mL, ascorbic acid at 50 to 100 μg/mL, and
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glucosamine hydrochloride at 10 to 50 μg/mL displayed anti-oxidant capacity significantly
different from baseline. Ascorbic acid and grape seed extract displayed the highest observable
activity of all the constituents examined.
Figure 9.4 Anti-oxidant activity by the nutraceutical and select constituents [proprietary bluegreen algae extract, C-phycocyanin (CPC), citrus bioflavonoids, turmeric, grape seed extract, αlipoic acid, ascorbic acid, glucosamine hydrochloride, methylsulfonylmethane (MSM), and
creatine] (n = 4, mean ± SEM). *Significantly different than baseline activity (P < 0.05).

9.5 DISCUSSION AND CONCLUSIONS
The nutraceutical was not found to be statistically different from carprofen in its ability to
inhibit TNF-α, IL-6, MMP-3, nitrate, nitrite, and sGAG production in IL-1β stimulated CnCs
across the concentration ranges tested. However, the nutraceutical and carprofen failed to
significantly decrease concentrations of the following inflammatory mediators at lower
concentrations (0.1 to 10 μg/mL): TNF-α, IL-6, MMP-3, nitrate, and nitrite. Many of the
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nutraceutical constituents also demonstrated the ability to reduce inflammatory mediators after
an inflammatory insult. These observations largely agree with the reports of anti-inflammatory
activities in the literature (33,36–39). The data also demonstrated that the nutraceutical inhibits
COX from providing its anti-inflammatory effects and may provide some anti-oxidant activity.
The pharmacological endpoints selected to evaluate the efficacy of the nutraceutical and
select constituents against inflammation induced by IL-1β were chosen as all are elevated in
chondrocytes by IL-1β and present at increased concentrations in synovial fluid of osteoarthritic
joints (33,40). The in-vitro activity of the nutraceutical and select constituents suggests that they
may have some activity in the pathogenesis of OA through inflammation (TNF-α, IL-6, PGE2,
and COX-2), chondral degeneration (MMP-3 and sGAG), and oxidative stress (nitric oxide and
antioxidant capacity). Carprofen was chosen for comparison of the pharmacological activities of
the nutraceutical as it is a commonly prescribed veterinary NSAID used clinically for
inflammation related to OA and post-operative pain. The concentration range examined (0.1 to
250 μg/mL) was chosen to provide a wide concentration-response range of both biologically
relevant and super-physiological concentrations. However, it is unlikely that concentrations over
10 μg/mL of the constituents would be observed in vivo in the synovium, which is a target site in
OA (33).
The relationship between inflammatory cytokines, oxidative stress, and chondral
degeneration in the pathogenesis of OA is dynamic and interrelated, which may explain the
concentration-response curves of many of the compounds of interest in this study. The
nutraceutical is a multi-component nutraceutical and differences in pharmacological activities
were observed between the selected active constituents and the whole preparation. With the
exception of PGE2 production and 1.0 μg/mL and 250 μg/mL concentrations for reduction of

348

MMP-3, the nutraceutical was not observed to have significantly different pharmacological
activities from carprofen in this study, although lack of statistical difference does not imply
sameness. The nutraceutical was able to significantly reduce (P < 0.05) the concentrations of
PGE2 and sGAG from the positive control at biologically relevant concentrations.
Results for COX and LOX revealed that the nutraceutical is a poor LOX inhibitor and
strong COX inhibitor with preferential COX-2 inhibition, which suggests that the nutraceutical
may provide anti-inflammatory activity in vivo. Many of the nutraceutical constituents also
displayed selectivity for COX-2 inhibition and proved to be poor LOX inhibitors. The
nutraceutical appeared to display concentration-dependent anti-oxidant activity. Grape seed
extract and ascorbic acid were observed to be the constituents with the greatest anti-oxidant
potency.
Based on the results of the present study, there is support for continued study of the
nutraceutical and constituents as anti-inflammatory agents. At certain concentration ranges, the
nutraceutical and constituents inhibit IL-1β induced PGE2, TNF-α, IL-6, nitric oxide, MMP-3,
and sGAG production, which could lead to reduced proteoglycan catabolism after an
inflammatory insult. The nutraceutical and constituents may be able to mediate 3 major
pathogenic mechanisms of OA: inflammation (PGE2, TNF-α, IL-6, and COX-2), chondral
degeneration (MMP-3 and sGAG), and oxidative stress (nitric oxide and antioxidant capacity)
(41). The nutraceutical may be able to treat the clinical signs of OA in dogs and other species. If
used as an adjunct therapy to NSAIDs, prudent clinical assessments should be undertaken due to
the COX potency that the nutraceutical displayed in vitro. In light of these findings, an in vivo
efficacy study of the nutraceutical in osteoarthritic dogs is warranted. At the time of the writing
of this thesis, a multi-center in vivo efficacy study had been undertaken and completed by our
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laboratory and collaborators based on these initial in vitro findings of anti-inflammatory and
anti-oxidant activities and final results are pending.
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10. A PILOT ORAL PHARMAOCKINETIC STUDY OF PHYCOX®, A MULTICOMPONENT VETEIRNARY NUTRACEUTICAL, IN DOGS

10.1 ABSTRACT
Two novel methods of analyses; one for glucosamine and another for the polyphenols;
±hesperetin, trans-resveratrol and ±naringenin, in dog serum were developed using LC-MS/MS.
For the glucosamine method, the internal standard, caffeine, was added to 0.1 mL of serum and
protein in the samples were precipitated with cold acetonitrile at -20°C. Separation was achieved
with a Primesep 200 (1.7 μm, 2.1 x 100 mm) mixed function cation exchange column using a pH
gradient. For the polyphenol method, ±liquiritigenin was employed as the internal standard and
added to 0.1 mL of serum along with cold acetonitrile to precipitate proteins. Separation of the
polyphenols was achieved using an isocratic mobile phase and a Waters ACQUITY UPLC®
BEH C18 column (1.7 μm, 2.1 x 100 mm). Both methods were determined to be sensitive,
accurate and reproducible with concentration ranges from 5 ng – 20 μg/mL. The methods were
applied to single-dose pilot pharmacokinetic study (female beagle dogs, n = 4) of Phycox®, a
multi-component veterinary nutraceutical marketed for support of joint health. A single Phycox®
soft chew contains 450 mg of glucosamine hydrochloride but an unknown amount of
±hesperetin, trans-resveratrol and ±naringenin. Content analyses of Phycox® were also
undertaken to determine the amount of selected polyphenols in a single soft-chew. It was
determined that the amount of ±hesperetin, trans-resveratrol and ±naringenin is very low, 36.1 ±
5.39 μg, 0.554 ± 0.177 μg and 2.88 ± 0.280 μg, respectively. Following administration of a
single soft chew, glucosamine was detected for up to 8 h post-dose with a Tmax of 2 h and a Cmax
of 9.69 ± 1.14 μg/mL. However, the half-life of glucosamine was determined to be
approximately 35 min, which is very short. None of the polyphenols were found at detectable
356

concentrations in the samples as either aglycones or glucuronide metabolites. It was concluded
that multiple-dose pharmacokinetic studies should be carried out to determine concentrations
reached of the compounds after steady-state dosing and that the pharmacokinetics of additional
bioactives in Phycox® should also be carried out to better characterize the dispositions of all the
compounds given the complexity of multi-component nutraceuticals.
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10.2 INTRODUCTION
Presently, multi-component formulations are a trend in nutraceuticals and natural
product supplements with the idea that several compounds may interact with multiple targets to
evoke interdependent pharmacological activities to achieve optimal and potentially synergistic
effects (1). Multi-component nutraceuticals pose increased difficulty compared to a single
ingredient supplement consisting of a single chemical constituent in regards to pharmacological
and pharmacokinetic evaluation as not only is there an increased amount of chemical
constituents to monitor but increased potential for drug-drug interactions and therefore
pharmacokinetic analysis is required on several constituents (1). However, the reports of
polypharmacokinetic analyses of nutraceuticals is lacking in the literature (1). A comprehensive
understanding of the absorption, distribution, metabolism and excretion of nutraceuticals and
natural health products is important for sustaining effective concentrations of active compounds
at the sites of action but unfortunately, many nutraceutical and natural products do not undergo
pharmacokinetic evaluation and are sold with dosing instructions without any scientific rationale
(2). The lack of pharmacokinetic evaluation for commercial nutraceuticals and natural health
products is particularly true in veterinary medicine and is especially important as nutraceuticals
and natural health product supplement use is increasing (3).
Joint health products such as glucosamine hydrochloride and chondroitin sulfate
represent the largest category of nutraceutical and natural health product supplements in
veterinary medicine. One such multi-component joint health veterinary nutraceutical on the
market is the Phycox® product line produced by Dechra Pharmaceuticals (Northwich, England).
The Phycox® line produces products formulated for dogs and horses and is marketed as a potent
cyclooxygenase-2 (COX-2) inhibitor that supports joint mobility and healthy bone structure (4).
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Table 10.1 contains the extensive list of active ingredients of Phycox® soft chews for dogs. Many
of the ingredients, such as the Phycox® active ingredient (proprietary blue-green algae extract
containing the biliprotein, c-phycocyanin), glucosamine hydrochloride, methylsulfonylmethane,
citrus bioflavonoids, grape seed extract and turmeric have all been reported to possess antiinflammatory and/or anti-oxidant properties in vitro, and in some cases, in vivo (5–13). However,
ingredients such as citrus bioflavonoids, grape seed extract and turmeric are complex themselves
and do not represent single chemical entities.
To our knowledge, there have been no studies evaluating the pharmacokinetic disposition
or the in vivo metabolism of the constituents of Phycox® when administered via Phycox® soft
chews in the dog. Individual pharmacokinetic studies in dogs exist for the following Phycox®
constituents: glucosamine (14) resveratrol (found in grape seed extract) (15) and naringenin
(found in citrus bioflavonoids) (16,17). The objectives of this study are to develop and validate
the methods of analysis using LC-MS/MS for glucosamine (Figure 10.1), trans-resveratrol
(Figure 10.2), ±naringenin (Figure 10.2) and ±hesperetin (component of citrus bioflavonoids)
(Figure 10.2), to quantify trans-resveratrol, ±naringenin and ±hesperetin in Phycox® soft chews
and to describe the pharmacokinetics of glucosamine, trans-resveratrol, ±naringenin, and
±hesperetin following administration of a single Phycox® soft chew to female beagle dogs in a
pilot study.
Table 10.1 Phycox® soft chew formula for canines (4) (Phycox® active ingredient is a
proprietary blue-green algae extract).
Active ingredients per soft chew
Glucosamine hydrochloride
Methylsulfonylmethane
Creatine monohydrate
Alpha-linolenic acid
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450 mg
400 mg
250 mg
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 μg
Selenium
10 μg
Alpha tocopheryl acetate (vitamin E)
25 IU
Inactive ingredients
Flaxseed oil, hydrolyzed vegetable protein, magnesium stearate,
marine lipid concentrates, natural liver flavor, and sucrose
Figure 10.1 Chemical structures of glucosamine and the internal standard, caffeine.

Figure 10.2 Chemical structures of ±hesperetin, trans-resveratrol, ±naringenin and the internal
standard, ±liquiritigenin.
±

trans-
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10.3 MATERIALS AND METHODS
10.3.1 Chemicals and reagents
Phycox® canine chewable whole tablets and the individual components, glucosamine
hydrochloride, grape seed extract, citrus bioflavonoids, and Phycox® premix were provided by
Dechra Pharmaceuticals (Northwich, England). ±Naringenin, ±hesperidin, ±liquiritigenin,
caffeine, trans-resveratrol, β-glucuronidase type IX A (β-glucuronidase), were purchased from
Sigma-Aldrich (St. Louis, Missouri, USA). β-Glucosidase from almonds was purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Formic acid was purchased from Acros
Organics (Geel, Belgium). HPLC-grade acetonitrile and methanol were purchased from EMD
Millipore (Gibbstown, NJ, USA). Ultrapure water from a Milli-Q water system was used
(Millipore, Billerica, MA, USA).
10.3.2 Analytical system and conditions
The liquid chromatographic-mass spectrometry system used was a Shimadzu LCMS8040 triple-quadrupole mass spectrometer (LC-MS/MS) (Kyoto, Japan) connected to the liquid
chromatography portion consisting of two Nexera™ LC-30AD pumps, a Nexera™ SIL-30AC
auto injector, a CMB-2-A Prominence system controller, a DGU-20A5R degassing unit and a
CT0-20A Prominence column oven. Data analysis was accomplished using Shimadzu
LabSolutions (Version 5.3) software.
The mass spectrometer was operated in DUIS mode (electrospray ionization and
atmospheric pressure chemical ionization) using multiple reaction monitoring (MRM). The LCMS/MS conditions consisted of a curved desolvation line temperature of 250°C and heating
block temperature of 400°C. Nebulizing gas we delivered at 2 L/min and drying gas was
delivered at 15 L/min.
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10.3.2.1 Glucosamine
The analytical system described above was employed. The analytical column used was a
Primesep 200 (1.7 μm, 2.1 x 100 mm) (SIELC Technologies, Wheeling, IL, USA) mixed
function cation exchange column. The mobile phase consisted of a pH gradient with mobile
phase A) 0.05% aqueous formic acid and B) 1% formic acid in 50% aqueous acetonitrile. The
gradient was as follows: 0% B for 3 min, linear gradient from 0 to 80% B in 2.5 min, linear
gradient from 80 to 100% B in 0.1 min, from 100 to 0% B in 1 min. The column equilibrated for
3 min at 0% B prior to the next injection. Separation was carried out at 35 ± 0.5°C with a flow
rate of 0.4 mL/min. Both glucosamine and the internal standard, caffeine, were monitored in
positive mode. Table 10.2 describes the parent and daughter ion mass to charge ratios (m/z) used
along with the collision energy of each compound.
Table 10.2 Mass spectral multiple reaction monitoring data for glucosamine and the internal
standard, caffeine.
Compound
Glucosamine

Parent Ion m/z
180.20

Caffeine
(internal standard)

194.90

Daughter Ion m/z
162.10
138.00
42.00
110.15

Collision Energy (eV)
10
19
36
24

10.3.2.2 Polyphenols
The analytical system previously described above was employed. The analytical column
used was a Waters ACQUITY UPLC® BEH C18 column (1.7 μm, 2.1 x 100 mm) (Waters
Corporation, Milford, MA, USA). An isocratic mobile phase consisting of 50% aqueous
methanol with 0.1% formic acid was employed. Separation was carried out at 40 ± 0.5°C with a
flow rate of 0.4 mL/min. ±Liquiritigenin was used as the internal standard. All compounds were
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monitored in positive mode. Table 10.3 describes the parent and daughter ion mass to charge
ratios (m/z) used along with the collision energy of each compound.
Table 10.3 Mass spectral multiple reaction monitoring data for ±hesperetin, ±naringenin, transresveratrol and the internal standard, ±liquiritigenin.
Compound
±Hesperetin
±Naringenin

Parent Ion m/z
302.80
273.90

trans-Resveratrol

228.80

±Liquiritigenin
(internal standard)

257.90

Daughter Ion m/z
153.10
153.10
135.10
107.20

Collision Energy (eV)
24.0
24.0
13.0
23.0

137.0

-22.0

10.3.3 Stock and working standard solutions
Methanolic stock solutions of glucosamine, caffeine, ±hesperetin, ±naringenin, transresveratrol and ±liquiritigenin were prepared at 100 μg/mL concentrations. These solutions were
protected from light and stored at -20°C between uses for no longer than 3 months. Calibration
standards in serum and methanol were prepared from stock solutions by sequential dilution,
yielding a series of concentrations; 0.005, 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10 and 20 μg/mL for
glucosamine, ±hesperetin, ±naringenin and trans-resveratrol. Quality control (QC) samples were
prepared from stock solutions by dilution to yield target concentration of 0.075, 1.5, and 15
μg/mL.
10.3.4 Sample preparation of standard curves
10.3.4.1 Glucosamine
The working standards of glucosamine were added to blank dog serum (100 μL) in
microcentrifuge tubes to achieve the desired final concentration previously described along with
40 μL of internal standard, caffeine (diluted to a concentration of 0.1 μg/mL from stock
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solution). 1.0 mL of cold acetonitrile (-20°C) was added to the samples to precipitate proteins.
The samples were vortexed and centrifuged at 14,000 rpm for 5 min. The supernatant was
transferred to new microcentrifuge tubes and evaporated to dryness using a Savant SPD1010
SpeedVac Concentrator (Thermo Fisher Scientific, Inc., Asheville, NC, USA). The residues were
reconstituted with 50 μL of starting mobile phase (0.05% aqueous formic acid), vortexed for 30
seconds and centrifuged at 14,000 rpm for 5 min. The supernatants were transferred to 30 kDa
centrifugal filter tubes and centrifuged for 30 min at 10,000 rpm. The filtrate was transferred to
HPLC vials and 5 μL were injected into the LC-MS/MS system.
10.3.4.2 Polyphenols
The working standards of ±hesperetin, ±naringenin and trans-resveratrol were added to
blank dog serum (100 μL) in microcentrifuge tubes to achieve the desired final concentration
previously described along with 20 μL of internal standard, ±liquiritigenin (diluted to a
concentration of 10 μg/mL from stock solution). 1.0 mL of cold acetonitrile (-20°C) was added
to the samples to precipitate proteins. The samples were vortexed and centrifuged at 14,000 rpm
for 5 min. The supernatant was transferred to new microcentrifuge tubes and evaporated to
dryness using a Savant SPD1010 SpeedVac Concentrator (Thermo Fisher Scientific, Inc.,
Asheville, NC, USA). The residues were reconstituted with 50 μL of mobile phase (50% aqueous
methanol with 0.1% formic acid), vortexed for 30 seconds and centrifuged at 14,000 rpm for 5
min. The supernatants were transferred to 30 kDa centrifugal filter tubes and centrifuged for 30
min at 10,000 rpm. The filtrate was transferred to HPLC vials and 5 μL were injected into the
LC-MS/MS system.
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10.3.5 Precision, accuracy and recovery
The interday precision and accuracy of the two assays were determined from the results
of three replicate assays on three different days during a one week period. Three standard curves
(0.001 – 20 μg/mL) with the inclusion of the 3 QC sample concentrations (0.075, 1.5, and 15
μg/mL) for each assay were used. The precision of the assays were evaluated by the coefficient
of variations (CV) of the QC samples. The accuracies were determined by the mean percentage
error of measured concentrations to the expected concentrations (percent bias) of the QC samples
using the constructed standard curves.
Recoveries of glucosamine and the polyphenols at the QC sample concentrations were
determined. Recovery was assessed by the comparing the measured values of QC samples in
methanol to theoretical values of QC samples.
10.3.6 Content analysis of polyphenols in Phycox®
The amount of glucosamine in each Phycox® soft chew is known and listed under the
active ingredients on the packaging. However, specific amounts of ±hesperetin, ±naringenin and
trans-resveratrol contained in the citrus bioflavonoids and grape seed extract ingredients,
respectively, are unknown. To determine the amount of ±hesperetin, ±naringenin and transresveratrol in one Phycox® soft chew, content analyses of the whole soft chew, the premix and
individual ingredient constituents of grape seed extract and citrus bioflavonoids were undertaken.
Three samples of soft chews from different lots were weighed and then pulverized. The premix,
grape seed extract and citrus bioflavonoids were already in powdered form. 1 g of each product
was weighted and placed in 15 mL tubes. Methanolic extractions were performed by adding 4
mL of methanol to each tube and then placing them on a rocking platform shaker at room
temperature (23 ± 1°C) for 3 h. Tubes were centrifuged for 10 min at 4,400 rpm. The
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supernatants were collected in duplicate 100 μL aliquots (free and total). The total samples were
dried to completion using a Savant SPD1010 SpeedVac Concentrator (Thermo Fisher Scientific,
Inc., Asheville, NC, USA) and then reconstituted with phosphate-buffered saline (200 μL at pH
7.4). 20 μL of β-glucosidase (750 U/mL in phosphate buffered saline at pH 7.4) was added and
samples were incubated for 48 h at 37°C in a shaking incubator. β-Glucosidase acts by cleaving
the glycosidic sugar moieties frequently present in plant extracts as previously described (18).
Cold acetonitrile (1 mL, 23 ± 1°C) was added to stop the enzymatic reaction. To both sets of
samples the internal standard, 20 μL of 10 μg/mL ±liquiritigenin in methanol, was added.
Samples were centrifuged at 14,000 rpm for 5 min. The supernatants were collected and dried to
completion using a Savant SPD1010 SpeedVac Concentrator (Thermo Fisher Scientific, Inc.,
Asheville, NC, USA). Samples were reconstituted in mobile phase (50 μL of 50% aqueous
methanol with 0.1% formic acid), vortexed and centrifuged at 14,000 rpm for 5 min. The
supernatants were transferred to 30 kDa centrifugal filter tubes and centrifuged for 30 min at
10,000 rpm. The filtrate was transferred to HPLC vials and 5 μL were injected into the LCMS/MS system.
10.3.7 Animals
Four female purpose-bred beagle dogs (~9.2 kg) were used from the Washington State
University Comparative Orthopedic Research Laboratory. Ethics approval for animal
experiments was obtained from Washington State University Institutional Animal Care and Use
Committee.
10.3.8 Pharmacokinetic studies
Animals were fasted 12 h prior to the study but provided free access to water. Each
animal was administered a single Phycox® soft chew and a series of blood samples (3 mL) were
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collected at 0, 1, 2, 4, 6, 8, 12, and 24 h post-dose via saphenous or cephalic vein depending on
the temperament of the animals. Animals were fed after 2 h post-dose. Following centrifugation
of the blood samples, serum was removed and stored at -80°C until analyzed.
10.3.9 Treatment of pharmacokinetic samples
10.3.9.1 Glucosamine
100 μL of serum from each pharmacokinetic sample was placed into a microcentrifuge
tube. To all samples, except 0 h, 40 μL of 0.1 μg/mL internal standard stock solution (caffeine)
was added along with 1.0 mL of cold acetonitrile (-20°C) to precipitate proteins. The samples
were vortexed and centrifuged at 14,000 rpm for 5 min. The supernatant was transferred to new
microcentrifuge tubes and evaporated to dryness using a Savant SPD1010 SpeedVac
Concentrator (Thermo Fisher Scientific, Inc., Asheville, NC, USA). The residues were
reconstituted with 50 μL of starting mobile phase (0.05% aqueous formic acid), vortexed and
centrifuged at 14,000 rpm for 5 min. The supernatants were transferred to 30 kDa centrifugal
filter tubes and centrifuged for 30 min at 10,000 rpm. The filtrate was transferred to HPLC vials
and 5 μL were injected into the LC-MS/MS system.
10.3.9.2 Polyphenols
The pharmacokinetic serum samples were separated into two sets of microcentrifuge
tubes (total and free) with 100 μL of serum in each. To the total samples, 20 μL β-glucuronidase
(500 U/mL in 6.8 pH phosphate buffer) was added and incubated for 2 h at 37°C (19). To all
samples except 0 h, 20 μL of 10 μg/mL internal standard stock solution (±liquiritigenin) was
added along with 1.0 mL of cold acetonitrile (-20°C) to precipitate proteins. The supernatant was
transferred to new microcentrifuge tubes and evaporated to dryness using a Savant SPD1010
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SpeedVac Concentrator (Thermo Fisher Scientific, Inc., Asheville, NC, USA). The residues were
reconstituted with 50 μL of mobile phase (50% aqueous methanol with 0.1% formic acid),
vortexed and centrifuged at 14,000 rpm for 5 min. The supernatants were transferred to 30 kDa
centrifugal filter tubes and centrifuged for 30 min at 10,000 rpm. The filtrate was transferred to
HPLC vials and 5 μL were injected into the LC-MS/MS system.
10.3.10Pharmacokinetic analysis
Pharmacokinetic samples were analyzed using Phoenix WinNonlin software (ver. 6.3;
Certara, St. Louis, USA) to derive the pharmacokinetic parameters for each individual dog and
expressed as mean ± SEM. A non-compartmental analysis was used to calculate the
pharmacokinetic parameters including area under the curve (AUC0-∞), the peak serum
concentration (Cmax), time to reach peak serum concentration (Tmax), the apparent volume of
distribution (Vd/F), the elimination half-life (t1/2), and the apparent clearance (CL/F). The
elimination rate constant (KE), was estimated by log-linear regression of the serum
concentrations. The AUC0-∞ was calculated using the long-linear trapezoidal rule for data from
time of dosing to the last measured concentration plus the quotient of the last measured
concentration divided by KE/2.303. The concentration time points of the animals were subjected
to non-compartmental modeling. The free concentrations of ±hesperetin, ±naringenin and transresveratrol were used for modeling.
10.3.11Data analysis
The quantifications of concentrations were based on calibration curves constructed using
the peak area ratio (PAR) of glucosamine and the polyphenols to internal standards, against the
concentrations of glucosamine and the polyphenols using unweighted least squares linear
regression.
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10.4 RESULTS AND DISCUSSION
10.4.1 LC-MS/MS Analyses
10.4.1.1 Glucosamine
Various compositions of mobile phase and columns were tested to achieve the best
resolution of glucosamine. Optimal separation was achieved with the combination of a Primesep
200 mixed function cation exchange column and pH gradient mobile phase consisting of A)
0.05% aqueous formic acid and B) 1% formic acid in 50% aqueous acetonitrile with the
following gradient: 0% B for 3 min, linear gradient from 0 to 80% B in 2.5 min, linear gradient
from 80 to 100% B in 0.1 min, from 100 to 0% B in 1 min. Following the gradient, the column
was equilibrated for 3 min at 0% B prior to the next injection. Separation was best achieved
using a flow rate of 0.4 mL/min and maintaining the column 35 ± 0.5°C. Caffeine was selected
as the internal standard owing to its similar chromatographic behavior and ionization efficiency
to glucosamine. No interfering peaks co-eluted with the peaks of interest (Figure 10.3). The
retention times for glucosamine and caffeine were 2.7 min and 4.9 min respectively in serum
(Figure 10.3B and C).
10.4.1.2 Polyphenols
As with glucosamine, various compositions of mobile phases and columns were
investigated to achieve the best resolution of the compounds. Optimal separation was achieved
using a simple, reverse-phase isocratic mobile phase consisting of 50% aqueous methanol with
0.1% formic acid with a flow rate of 0.4 mL/min. Separation of the compounds was achieved
using a Waters ACQUITY UPLC® BEH C18 column at 40 ± 0.5°C. ±Liquiritigenin was used as
the internal standard due to its structural similarity to the compounds of interest. No interfering
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peaks co-eluted with the peaks of interest (Figure 10.4A). The retention times for ±hesperetin,
trans-resveratrol, ±naringenin and ±liquiritigenin were 2.3 min, 1.6 min, 2.1 min and 1.4 min,
respectively (Figure 10.4B).
Figure 10.3 Representative chromatograms of glucosamine in serum: A) blank serum
demonstrating no interfering peaks co-eluted with the compounds of interest; B) serum
containing glucosamine and the internal standard at glucosamine at 10 μg/mL; and C)
pharmacokinetic sample at 2 h post-dose (450 mg glucosamine hydrochloride via administration
of one Phycox® soft chew).
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Figure 10.4 Representative chromatograms of ±hesperetin, trans-resveratrol and ±naringenin in
serum: A) blank serum demonstrating no interfering peaks co-eluted with the compounds of
interest; B) serum containing polyphenols (20 μg/mL) and the internal standard.

10.4.2 Linearity and limit of quantitation
10.4.2.1 Glucosamine
Calibration curves for glucosamine were linear from 5 ng/mL -20 μg/mL in serum. The
calibration curves showed good coefficient of determination (R2) > 0.95. The limit of
quantitation for the method was 5 ng/mL. The limit of detection for the method was calculated
by measuring the average background noise in blank samples at the retention time of the peaks of
interest. Limit of detection was taken to be 5 times the background response and determined to
be 1 ng/mL.
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10.4.2.2 Polyphenols
Calibration curves for ±hesperetin, trans-resveratrol and ±naringenin were linear from 5
ng/mL – 20 μg/mL in serum. The calibration curves for each compound showed good coefficient
of determination (R2) > 0.99, (R2) > 0.97 and (R2) > 0.99 for ±hesperetin, trans-resveratrol and
±naringenin, respectively. The limits of detection for all three compounds were 5 ng/mL. The
limits of detection for the method were calculated by measuring the average background noise in
blank samples at the retention times of the peaks of interest and then limit of detection were
taken to be 5 times the background response. Limit of detection for all compounds was found to
be 1 ng/mL.
10.4.3 Precision, accuracy and recovery
10.4.3.1 Glucosamine
The LC-MS/MS assay showed excellent accuracy and interday precision with a bias
<20% for the low QC sample (0.075 μg/mL) and <3% for the medium (1.5 μg/mL) and high (15
μg/mL) QC samples along with CVs between 2.93 and 12.2% for the QC sample evaluated
(Table 10.4). The recovery (extraction efficiency) of the assay was determined to be 34% in
serum. These data indicate that the developed LC-MS/MS method for glucosamine quantitation
is accurate, precise and reproducible.
10.4.3.2 Polyphenols
The LC-MS/MS assay showed excellent accuracy and interday precision for all three
compounds. The bias for ±hesperetin was <15% for all QC concentrations and the CV was
between 0.662 – 7.40% (Table 10.4). The bias for trans-resveratrol was <18% for the low QC
sample (0.075 μg/mL) and <3% for the medium (1.5 μg/mL) and high (15 μg/mL) QC samples.
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The CVs for resveratrol were between 0.267-7.49%. The recovery (extraction efficiency) of the
assay was determined to be 54.8%, 62.1% and 54.3% in serum for ±hesperetin, trans-resveratrol
and ±naringenin, respectively. Bias for ±naringenin was <12% for all QC samples and the CVs
were between 2.78-11.4%. These data (Table 10.4) indicate that the developed LC-MS/MS
method is accurate, precise and reproducible for all three compounds.
Table 10.4 Accuracy and precision of the LCMS quantitative analysis of glucosamine,
±hesperetin, trans-resveratrol and ±naringenin (n = 3).
Analyte

Nominal Value
(μg/mL)

Measured Value
(μg/mL)
(mean ± SEM)

CV (%)

Bias (%)

Glucosamine
Low
Medium
High

0.075
1.5
15

0.063 ± 0.000
1.46 ± 0.102
14.6 ± 0.989

2.93
12.2
11.7

-16.4
-2.91
-2.45

±Hesperetin
Low
Medium
High

0.075
1.5
15

0.087 ± 0.000
1.44 ± 0.062
13.7 ± 0.155

0.662
7.40
1.97

14.2
-3.64
-9.87

trans-Resveratrol
Low
Medium
High

0.075
1.5
15

0.088 ± 0.000
1.47 ± 0.063
14.6 ± 0.219

0.267
7.49
2.57

17.7
-2.87
-1.50

±Naringenin
Low
Medium
High

0.075
1.5
15

0.083 ± 0.004
1.55 ± 0.102
14.3 ± 0.219

7.98
11.4
2.78

10.1
3.30
-2.28

10.4.4 Content analysis of polyphenols in Phycox®
The LC-MS/MS method of analysis for ±hesperetin, trans-resveratrol and ±naringenin
was successfully applied to the determination and quantification of the compounds in Phycox ®
soft chews, premix as well as the constituents; citrus bioflavonoids and grape seed extract. It was
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determined that ±hesperetin, trans-resveratrol and ±naringenin are present as the aglycones and
not a mixture of aglycones and glycosides as determined by the lack of differences in
concentrations between free and total (incubated with β-glucosidase to cleave sugar moieties)
samples. ±Hesperetin was determined to be the most prevalent of the three polyphenols in the
premix, citrus bioflavonoids and Phycox® soft chews. The concentration of ±hesperetin in the
citrus bioflavonoids constituent was determined to be 362 μg/g and 80.8 μg/g in the Phycox®
premix. It was determined that a single Phycox® soft chew contains 36.1 ± 5.39 μg of
±hesperetin. ±Naringenin was found at much lower concentrations than ±hesperetin in all of the
samples. ±Naringenin was found to contain 68.6 μg/g and the Phycox® premix was found to
contain 6.77 μg/g ±naringenin. A single Phycox® soft chew was determined to contain 2.88 ±
0.280 μg of naringenin. Trans-resveratrol was found at the lowest concentration in all samples of
the three polyphenols measured. It was determined that the grape seed extract ingredient contains
0.681 μg/g of trans-resveratrol and the Phycox® premix contains 0.482 μg/g. A single Phycox®
soft chew was found to contain 0.554 ± 0.177 μg of trans-resveratrol. The amount of grape seed
extract and citrus bioflavonoids in each Phycox® soft chew is proprietary information and not
disclosed on the label claims.
10.4.5 Pharmacokinetic study
10.4.5.1 Glucosamine
The LC-MS/MS method of analysis for glucosamine was successfully applied to the
determination and quantification of glucosamine in canines following administration of a single
Phycox® soft chew containing 450 mg of glucosamine hydrochloride. At time zero, no detectable
concentrations of glucosamine were found. The mean serum concentration over time profile for
glucosamine is shown in Figure 10.5. The pharmacokinetic parameters for glucosamine were
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calculated using non-compartmental analysis and are summarized in Table 10.5. These data
indicate that, after oral administration of the Phycox® soft chew, glucosamine was absorbed
slowly into the bloodstream with an average Tmax of 2 h and an average Cmax of 9.69 μg/mL,
followed by elimination during the next 8 h, after which serum concentrations were below
quantifiable concentrations (5 ng/ml). The half-life of glucosamine after oral administration of
the Phycox® soft chew was approximately 35 minutes.
Administering glucosamine via a Phycox® soft chew may enhance the absorption of
glucosamine. The pharmacokinetics of a given compound in a multi-component mixture may be
significantly different from that of the single compound due to drug-drug interactions (1). A
previous study also using beagle dogs (~9 kg) and non-compartmental modeling report Tmax
values of glucosamine between 1.1 and 1.6 h following oral administration of 1500 – 2000 mg
and Cmax values between 7.1 to 12.1 μg/mL (14). The serum-concentration time curve reported
in Adebowale et al. was similar in shape to the curve reported in this study but the half-lives
were reported to be between 1.52-2.4 h, which is between 3 and 5 times longer than the half-live
reported in this study (14). The study did not calculate clearance or volume of distribution. After
4 h post-dose, Adebowale et al. was not able to detect glucosamine (14). The method employed
by the study utilized a validated HPLC method with a limit of quantification of 1.25 μg/mL and
involved pre-column derivatization (14). The amount of glucosamine administered in the
present study was 3.3 to 4.4 less than those administered in the study by Adebowale et al. (14)
but the method employed in this study was 250 times more sensitive allowing for detection of
much smaller concentrations of glucosamine. To our knowledge, this is the first report of
glucosamine pharmacokinetics in the dog following administration of a multi-component
nutraceutical.
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Figure 10.5 Glucosamine disposition in serum following oral administration of one Phycox® soft
chew containing 450 mg of glucosamine hydrochloride (n = 4, mean ± SEM).

Table 10.5 Pharmacokinetic parameters of glucosamine (450 mg) administered in one Phycox®
soft chew in the dog (n = 4).
Pharmacokinetic parameter
AUC0-∞ (µg·h/mL)
Vd/F (L/kg)
CL/F (L/h/kg)
t1/2 (h)
Tmax (h)
Cmax (μg/mL)

Mean ± SEM
20.4 ± 2.34
2.10 ± 0.254
2.56 ± 0.446
0.584 ± 0.034
2.00 ± 0.000
9.69 ± 1.14

10.4.5.2 Polyphenols
Although the developed LC-MS/MS method for the quantification of ±hesperetin, transresveratrol and ±naringenin with a limit of quantification of 5 ng /mL proved to be sensitive,
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accurate and reproducible, when applied to the quantification of the compounds in canines
following administration of a single Phycox® soft chew containing 36.1 ± 5.39 μg of ±hesperetin,
0.554 ± 0.177 μg of trans-resveratrol and 2.88 ± 0.280 μg of ±naringenin, no compounds were
detected at quantifiable concentrations as either the aglycone or glucuronidated metabolite.
However, this is not unexpected given the extremely small amounts administered via one
Phycox® soft chew and the generally low bioavailability of polyphenols in mammals. Presently,
there is no information on the bioavailability ±naringenin, ±hesperetin or trans-resveratrol in the
literature in dogs. As the amounts of racemic flavonoids were so small, no attempts were made to
examine stereochemistry although we possess methods to do so in follow up studies if
quantifiable in serum or urine (20,21).

10.5 CONCLUSIONS
In summary, two method of analysis to detect glucosamine, ±hesperetin, trans-resveratrol
and ±naringenin in dog serum were developed using a LC-MS/MS. These methods were found
to be sensitive, reproducible and accurate. The methods were applied to a single-dose
pharmacokinetic study of the multi-component nutraceutical, Phycox®. Additionally, the method
for quantification of ±hesperetin, trans-resveratrol and ±naringenin was employed to determine
the amount of each compound in a single dose of Phycox® as it is not disclosed on the label
claim. No polyphenols at quantifiable concentrations were found as aglycones or glucuronide
metabolites in the pharmacokinetic samples. However, glucosamine was successfully quantified
using a novel method which requires no pre-column derivatization and pharmacokinetic
parameters were generated. The pharmacokinetics of glucosamine were characterized by a slow
absorption and a rapid terminal half-life of almost 35 min. While pharmacokinetic parameters
were slightly different from previous pharmacokinetic parameters of glucosamine in beagles
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reported in the literature, the overall serum-concentration time curve was similar in shape,
although the analytical method employed in this current study was far more sensitive than the
previous study. Future studies should investigate the multiple-dosing pharmacokinetics of
constituents of Phycox® as well as the pharmacokinetics of other bioactive constituents of the
nutraceutical.
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11. SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS

11.1 SUMMARY AND CONCLUSIONS
In this thesis, substantial research involved pre-clinical drug discovery of one stilbene and
three chiral prenylated flavonoid compounds while the remainder of the research focused on the
evaluation of a veterinary nutraceutical product already on the market. For this thesis project,
pre-clinical pharmacokinetic and pharmacodynamics investigations of the polyphenolic
compounds, 3-methoxypterostilbene, 8-prenylnaringenin (8PN), 6-prenylnaringenin (6PN) and
isoxanthohumol (IX) were completed with emphasis on the enantiospecific studies of 8PN, 6PN
and IX. Additionally, pharmacological evaluations of the multi-component veterinary
nutraceutical, Phycox®, as they relate to osteoarthritis were completed as well as a pilot singledose pharmacokinetic study in canines of selected constituents in the formulation. The following
summarizes major objectives that were completed in preparation of this thesis:
1. A RP-HPLC assay for 3-methoxypteorstilbene (Chapter 2), enantiospecific LC-MS
assays for 8PN, 6PN and IX (Chapter 4) and LC-MS/MS methods of analysis for
constituents of Phycox® (Chapter 10) were developed and validated.
2. The content of 3-methoxypterostilbene was measured and quantified in plants used in
traditional Chinese medicine (Chapter 3) and the content of 8PN, 6PN and IX were
measured and quantified in Humulus lupulus. L (hops)- containing natural products and
nutraceuticals (Chapter 4).
3. The pharmacokinetics of 3-methoxypterostilbene were delineated through oral and
intravenous administration in a rat model (Chapter 3). The enantiospecific
pharmacokinetics of 8PN, IX and 6PN following intravenous and oral administration in a
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rodent model were described (Chapters 5, 6, and 7, respectively). The oral
pharmacokinetics of select Phycox® constituents following the administration of a single
Phycox® soft chew to dogs was investigated (Chapter 10).
4. The pharmacodynamics of 3-methoxypterostilbene, 8PN, 6PN and IX were elucidated
through a range of in vitro models including the examination of the anti-oxidant capacity,
the anti-inflammatory potential, anti-diabetic activities and modulation of human
cytochrome P450 drug metabolizing enzymes (Chapters 3 and 8).
5. The pharmacological effects of Phycox® and select constituents in an in vitro model of
osteoarthritis using canine chondrocytes was carried out along with anti-oxidant capacity
measurement, cyclooxygenase (COX) inhibition and lipoxygenase (LOX) inhibition to
determine how Phycox® and constituents may impart clinical utility in the treatment and
management of canine osteoarthritis (Chapter 9).
The developed quantitative RP-HPLC assay for 3-methoxypterostilbene allowed for
sensitive, reproducible and accurate detection of the stilbene in complex biological matrices
(Chapter 2). This in turn allowed for examination of the pre-clinical pharmacokinetics of 3methoxypterostilbene for the first time as well as quantification of the compound in two plants
used in traditional Chinese medicine. 3-Methoxypterostilbene was only found in one of the
plants primarily as an aglycone (Chapter 3). Plant content analyses demonstrate that plant
variation may have an important effect on bioactive content. Enantiospecific LC-MS methods of
analysis for 8PN, 6PN and IX were also found to be sensitive, reproducible and facilitated
accurate detection of the prenylflavonoid enantiomers in complex biological matrices (Chapter
4). These methods allowed for the quantifications of these prenylflavonoids in hops-containing
natural products and nutraceuticals as well as the examination of their enantiospecific
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pharmacokinetic dispositions for the first time. Content analyses of the hops-containing natural
products and nutraceuticals illustrated the variability and lack of uniformity between products
and manufacturers as well as lack of quality control in the manufacturing process as none of the
products with label claims met set evaluation criteria. Two methods of analysis were developed
and validated for the detection of Phycox® constituents (glucosamine, ±hesperetin, transresveratrol and ±naringenin) in canine serum (Chapter 10). The methods were applied to a
single-dose pilot pharmacokinetic study of Phycox® as well as content analysis of Phycox® for
±hesperetin, trans-resveratrol and ±naringenin. This thesis demonstrates that the developed RPHPLC, LC-MS and LC-MS/MS assays can be used to evaluate future label claims of content of
these compounds and provide appropriate and accurate means to monitor product claims and
content uniformity.
Pharmacokinetic evaluation of 3-methoxypterostilbene revealed that the compound may
possess greater bioavailability than its structural analogue, resveratrol, while providing similar
bioactivities (Chapter 3). It was determined that the absolute bioavailability of 3methoxypterostilbene was 50.6 ± 10.0% compared to the reported bioavailability of 20 – 38.8%
of resveratrol in rats (1,2). Bioactivity screenings revealed that at biologically relevant
concentrations, 3-methoxypterostilbene possesses similar anti-oxidant capacity, α-glucosidase
inhibition and α-amylase inhibition to resveratrol. Additionally, studies revealed that 3methoxypterostilbene may be less likely to cause drug-botanical interaction than resveratrol via
inhibition of drug metabolizing cytochrome P450 enzymes. Poor bioavailability in humans is a
potential limitation in the use of resveratrol as a therapeutic agent but results presented in this
thesis suggest that 3-methoxypterostilbene may, with greater bioavailability and similar
bioactivities to resveratrol, be a viable alternative without requiring any additional formulation
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approaches to enhance absorption. Prior to the initiation of the work presented in this thesis, a
paucity of bioactivity data was available in the literature and no pharmacokinetic data existed for
3-methoxypterostilbene. This work has significantly enhanced the expanded our understanding
of the bioactivities and pharmacokinetic disposition of 3-methoxypterostilbene and will
encourage continued research of this and other stilbene analogs of resveratrol.
The enantiospecific pharmacokinetic examinations of the prenylflavonoids, 8PN, IX and
6PN indicate that both enantiomeric and small structural differences affect disposition (Chapters
5, 6, and 7, respectively). Both enantiomeric and structural variances resulted in evident
differences in bioavailability, distribution, metabolism and excretion. A statistically significant
difference between the bioavailability of R- and S-8PN was found with the bioavailability of R8PN determined to be 8-fold greater than that of S-8PN (20.2 ± 5.73% and 2.47 ± 0.983% for Rand S-8PN, respectively). Differences in bioavailability were also found for the enantiomers of
IX and 6PN although they did not reach statistical significance. IX was found to possess the
lowest bioavailability of the three compounds (between 4.09-5.35%) while 6PN was found to be
the most bioavailable (between 25.9-36.9%). The volumes of distribution (Vd) between
enantiomers were not found to be significantly different. The Vds for IV-administration of the
compounds were all very similar falling between 1.18-2.37 L/kg. However, while all oral Vds
were greater than total body water of the rat (0.668 L/kg) suggesting extensive distribution into
the tissues, the addition of the methyl group on IX (97.7 – 108 L/kg) lessened distribution
compared to 8PN (135-191 L/kg) and 6PN (180-186 L/kg). The total body clearances of the
enantiomers for each compound were not found to be significantly different following IV or PO
administration and total clearances following IV administration between compounds were not
dramatically different (0.357 – 3.06 L/h/kg). However, large differences between total body
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clearances following oral administration of the compounds were noted. 6PN was cleared the
slowest with total clearance ranging from 0.697 - 1.43 L/h/kg. This represents a 6 to 41-fold
difference from the clearance values for 8PN (9.54 - 28.6 L/h/kg). This may indicate that the
position of the prenyl group may significantly alter its ability to be cleared. IX was cleared much
faster than 6PN and 8PN with a range between 32.5 – 42.9 L/h/kg. Total clearance of IX was 22
to 61-fold greater than 6PN and 1.13 to 4.5-fold greater than 8PN indicating that the addition of
the methyl group may facilitate its clearance from the body. The fractions excreted unchanged in
the urine (fe) were all very similar between enantiomers of the three compounds as well as
between compounds for both routes of administration. Fractions excreted unchanged in the urine
following IV administration of the compounds ranged between 0.578 - 2.39% and 0.127 - 3.23%
following oral administration and although varied, the amounts excreted in urine are very small
in comparison to the total doses administered. Consequently, only a negligible amount of total
body clearance was reflected by renal clearance with non-renal, presumed to be hepatic,
clearance accounting for most of the total body clearance. The data indicate that 8PN, IX and
6PN undergo elimination via non-renal routes with the highest possible concentration likely
achievable in the liver and the gastrointestinal tract. The serum elimination half-lives did not
significantly vary among enantiomers of each compound following IV and oral administration.
However, large differences were observed between serum elimination half-lives of the
compounds. Following IV-administration, 6PN was found to have a half-life range between
0.532 – 0.688 h while 8PN had a an elimination half-life range 5.7 to 7-fold longer (3.92 - 4.24
h) while the elimination half-life range was found to be between 1.29 - 1.37h for IX. Following
oral administration, the serum elimination half-lives were found to be similar between IX and
8PN (between 4.11 – 9.85 h) but the half-life range of 6PN was found to be much longer (83.1 –
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298 h) although there were large variations as indicated by the standard errors of the mean for
6PN.
These pharmacokinetic studies of 8PN, IX and 6PN are the first studies to investigate their
enantiospecific dispositions. Additionally, they are the first full single-dose pharmacokinetic
studies of these compounds in the literature. Moreover; these studies are the first to monitor
spontaneous interconversion of 8PN and 6PN and also the first to monitor the enantiospecific
formation of 8PN from IX. One research group in the literature reported, without scientific basis,
in two publications that 8PN and 6PN spontaneously interconvert (3,4). However, this thesis has
demonstrated no evidence of this formation. Additionally, through the enantiospecific
monitoring of the formation of 8PN from IX, results support investigation of enantiospecificity
in the microbial production of 8PN from IX. Prior to the initiation of the work presented in this
thesis, the pharmacokinetic data available for 8PN, 6PN and IX was either poor, incomplete or
non-existent. Given the potential clinical utility of this family of compounds, having clear
pharmacokinetic understanding of these compounds is imperative for future dose optimization
and further pharmacokinetic studies in other species.
Pharmacodynamic experiments conducted revealed that 8PN, 6PN and IX may be
polypharmacological compounds (Chapter 8) and that in some cases, differences in bioactivity
between 8PN enantiomers exist. It was also noted that synergy of the 8PN enantiomers may also
contribute to increased bioactivity of the racemate in some cases. These compounds displayed
the potential to counteract inflammation and reduce post-prandial hyperglycemia but also
showed that they have the potential to cause drug-botanical interactions through inhibition of
cytochrome P450 drug metabolizing enzymes. It was found that these compounds likely
modulate inflammation through inhibition of COX instead of LOX. Within the ability to inhibit
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COX, it was found that preferential inhibition of the two COX isoforms varied among the group
of compounds. Both racemic 8PN and 6PN appear to be COX-2 preferential inhibitors while IX
displayed preference for COX-1 inhibition. It is suspected that the addition of the methyl group
on IX contributes to the differences in COX inhibition. It was also noted that while both 8PN
enantiomers were determined to be non-preferential COX inhibitors, when combined as the
racemate, preferential COX-2 inhibition was observed indicating the possibility of synergistic
interactions. All of the compounds were able to provide some inhibition to α-glucosidase and αamylase which, if translatable to in vivo work could indicate the ability to reduce post-prandial
hyperglycemia. Overall, IX and 8PN appeared to be stronger inhibitors of both enzymes than
6PN suggesting that the location of the prenyl group on these compounds may be of importance.
Additionally, it was observed that at biologically relevant concentrations, R-8PN possessed
greater potency against both enzymes than S-8PN, which may indicate that stereospecificity
could be of importance with these enzymes. However, when racemic 8PN and the enantiomers
were examined for dipeptidyl peptidase IV (DDP (IV)) inhibition, neither the enantiomers nor
racemate showed significant activity at biologically relevant concentration nor were any
differences found for inhibition between enantiomers. 8PN, 6PN and IX were determined to
possess some ability to potentially counteract oxidative stress but it is likely that there may be
other compounds in the prenylflavonoid family such as chalcones with greater potency. The
group of compounds was found to be strong inhibitors of CYP2C9 and 3A4 drug metabolizing
enzymes. R-8PN was found to be a more potent inhibitor of CYP2C9 and S-8PN at lower
concentrations but the enantiomers were found to display potentially synergistic interactions as
the racemate in inhibition of CYP3A4. For most of the compounds, this thesis represents the first
reports of anti-oxidant capacity, anti-inflammatory activity, anti-diabetic activity and cytochrome
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P450 inhibitory activities. These are also the first reports of these activities for the 8PN
enantiomers. Elucidating the polypharmacological activities of these compounds and their
enantiomers is important for drug development and determination of clinical utility and safety.
Taken together, the pharmacokinetic and pharmacodynamics studies of IX, 6PN and 8PN
demonstrate that in some cases, small structural differences greatly affect bioactivities and
disposition and that enantiomeric differences also can affect bioactivities and disposition. Results
also underscore the importance of examining chiral compounds as enantiomerically pure
substances and racemic mixtures to best optimize the desired effects. These results should direct
future study of these compounds by focusing on 8PN and the enantiomers of 8PN given that 8PN
results from both the administration of IX and xanthohumol (XN).
In the final sections of this thesis, focus was turned to investigations of Phycox®, a multicomponent veterinary nutraceutical currently on the market. Many of the natural products and
nutraceuticals for both human and animal health that are commercially available lack the
scientific evidence to support their clinical use and many more lack studies to determine optimal
and therapeutic dosing let alone clinic studies as traditional pharmaceuticals are required to have
prior to release on the market. To determine if and how the nutraceutical may attenuate
inflammation and reduce catabolism of the extracellular matrix, Phycox® and select constituents
along with the widely used veterinary NSAID, carprofen, were examined in an in vitro model of
canine osteoarthritis using canine chondrocytes (Chapter 9). Markers of inflammation, chondral
degeneration and oxidative stress, three primary mechanisms of osteoarthritis, were measured.
Furthermore, the anti-oxidant capacity, COX and LOX inhibitory activities of Phycox® and
constituents were also investigated. Results revealed that there were no statistically significant
differences between the nutraceutical and carprofen in the reduction of most of the osteoarthritis
389

mediators measured. It was also revealed that the nutraceutical was a COX inhibitor rather than a
LOX inhibitor and did possess some anti-oxidant activity.
Many commercially available natural health products and nutraceuticals arrive on the
market following reports in the literature of in vitro bioactivities. In some cases, the
concentrations assayed are not physiologically achievable via oral routes of administration, often
due to poor bioavailability. Resveratrol is an excellent example of this with bioavailability in
humans of less than 1% (5). The pharmacokinetics of select chemical constituents in Phycox®
were elucidated following single-dose administration in 4 female beagle dogs. Of the four
compounds investigated (glucosamine, ±hesperetin, ±naringenin and trans-resveratrol), only
glucosamine was found at detectable concentration and with sufficient data points to determine
pharmacokinetic parameters. Results indicated that administering glucosamine in a multicomponent nutraceutical may alter the disposition from when administered alone and that the
amount of the other three chemical constituents assayed in a single dosage were extremely small.
These results should be followed by further chronic dosing studies to determine if detectable
concentrations can be reached at steady-state.
Results of the in vitro work and pharmacokinetic study provided some evidence for
clinical use and justified a clinical study of the nutraceutical. Despite the prevalence of
nutraceuticals and natural health products containing flavonoids and stilbenes on the human and
veterinary health markets, few studies such as these exist in the literature. The in vitro work,
which is now published, is important as it provides grounds for further research and discussion
about natural health products and nutraceuticals for joint health in veterinary medicine as well as
in human medicine. The pharmacokinetic work touches on the complexity of the variegated
polypharmacokinetics required of multi-component products and may help guide future dosing
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regimens and reformulations to better optimize targeted plasma concentrations and thus desired
outcomes.

11.2 FUTURE DIRECTIONS
3-Methoxypterostilbene is only one member of the large and important class of
polyphenols, stilbenes. 8PN, 6PN and IX are also only a small handful of the unique class of
prenylated flavonoid compounds. Both of these groups of polyphenols hold potential for
discovering and developing novel therapeutic agents for the future. This laboratory has studied
stilbenes and flavonoids for over a decade and has advocated more intensive study prior to
development of commercial products containing these compounds yet products continue to
appear on the market without basic research. Phycox® is an example of a product with stilbenes
and flavonoids that lacks basic safety and efficacy studies yet is readily available to consumers.
Ongoing research in our laboratory as well as other laboratories and pharmaceutical companies
continue to investigate and elucidate the activities and mechanisms of these compounds. It is
likely that multi-component natural health products and nutraceuticals will continue to appear on
the market for both human and animal health. However, as government regulatory agencies
begin to demand more thorough research of efficacy, safety and product consistency of these
products, perhaps some truly valuable clinical products may emerge.
Even with the investigations of 3-methoxypteorstilbene, 8PN, 6PN, IX and Phycox®
reported herein, data on the metabolism and pharmacokinetics of these compounds and product
are lacking. Future pharmacokinetic studies are needed to determine the absorption, distribution,
metabolism and excretion of these compounds not only in laboratory animals but also in humans,
with emphasis placed on enantiospecific investigations of the hops polyphenols. These
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investigations would allow for allometric scaling and evaluation of the effectiveness of the
rodent model in predicting human pharmacokinetic parameters. Further studies should also be
conducted to determine if administration of these compounds in food and plant matrices have an
effect on disposition. To improve understanding of the disposition of these compounds, tissue
distribution studies could be conducted for quantification in various tissues and organs after
single and chronic dosing studies. Continued pharmacokinetic investigations of Phycox® should
be undertaken through chronic administration of the product as well as studying the
pharmacokinetics of additional constituents, especially the c-phycocyanin biliproteins to better
gain an understanding of the polypharmacokinetics of the product. As the Phycox® line also has
formulations for horses; equine pharmacokinetic studies should also be undertaken and when
possible, bioavailability studies of Phycox® constituents should also be researched.
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