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ABSTRACT

Drug interactions witltlietary constituentare aconcern foregulatoy agencies, drug
developers, cliniciansand patientsTo date, much of the focus has been on grapefruit
juice, which has &éen shown to inhibienteric Cytochrome P450 (CYBA and organic
aniontransporting polypeptides. Consumption of blueberry jaimd pomegranate juice
has increased in recent years as the publi
health benefits. Unfortunately, no information is available regarding the effects of
blueberry juice on drug disposition. Anecdotal case tep@ve suggested that
pomegranat juice inhibits CYP2C9 activitynowever, this potential interaction has not
been examined in a controlled pharmacokinetic trial. In this work, we demonstrate that
two brands of blueberry juice, both individually and &)&0 mixture, inhibiin vitro
CYP3A and CYP2C9 activitwith ICso concentratins less than 3%volume/volume)
Additionally, pomegranate juice and pomegranate extract were found to reduce CYP2C9
activity in a concentratiodependent manner. The clialaelevance of thm vitro
findingswas then examined in three pharmacokinetic studies using healthy volunteers.
As compared to the control conditiomgpreatment with blueberry juice, pomegranate
juice, or pomegranate extract did not impactgharmaokinetics of the CYP2C9 probe
substrateflurbiprofen, or its principal metabolite,a®H-flurbiprofen. In contrast, the
positive control inhibitor, fluconazole, increased flurbiprofen AUGaCand {2, while
decreasing the formation o&@H-flurbiprofen. In the CYP3A interaction study,
pretreatment with the 50:50 mixture of bluelyguices caused small andstatistically
nonsignificant increase in the AUC for buspirofegrapefruit juicdow in

furanocoumariawas still capable of inhibiting enteric CYP3and caused the AUC of



buspirone to increase by approximately 100% ovecdimérol pretreatment value.
Interestingly,individuals with high intrinsic CYP3A activity appeared to be more
susceptible to increased buspirone exposure after consumption of both Resests of

in vitro screening experiments suggested that thdiany effects observed for the fruit
preparations were, at least in part, related to their flavonoid content, but not their
anthocyanin or organic acid content. Collectively, our findings indicate that patients can
consume blueberry juice and pomegrampagparations with CYP3A and CYP2C9

substrate drugs with minimal risk for pharmacokinetic drug interactions.
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INHIBITION OF CYTOCHROME
P450 ENZYMES BY FRUIT

JUICES: IN VITRO EFFECTS,
CLINICAL RELEVANCE, AND

THERAPEUTIC IMPLICATIONS



CHAPTER 1:

INTRODUCTION

AND

BACKGROUND



1.1 The Role of Cytochrome P450 fzymes inDrug M etabolism

The cytochrome P450 enzyme (CYP) superfamily is a group of microsomal
enzymes that are involved in the metabolism of neeeendobiotics and xenobiotics
[1]. Although over 50 human CYP isoforms have been identified, the number currently
thought to play a major role in drug metabolism is much smallee multiple CYPs are
subdivided into families (>40% sequence héogy), subfamilies (>59% sequence
homology), and individual isoforms. The major dimgtabolizingsoforms belong to
the familiesl, 2, and 3.Generally speaking, the reactions catalyzed by CYPs are
oxidations, which result in more polar metaboliteseSeghmetabolites can be directly
excreted from the body, or can serve as substrates for Phase Il enzymes like the uridine
glucuronosyltranferases or sulfotransferases.

The CYPs are expressed in several tissnekjdingthe liver, small intestine,
kidney,lung, brain, nasal mucosa, and skidf these sites, the liver and small intestine
are thought to play the most significant roles in determining tip@sitson of drugs. The
importantstudy by Shimada and colleagues demonstratgdr liver microsoms, the
order of CYP expression was CYP3828.8% of total P450 content) > CYP2C (18.2%
CYP1A2 (12.7%) > CYP2EL (6%6) > CYP2A6 (4%) >CYP2D6 (1.5%) > CYP2B6
(0.2%)[2]. Subsequent worlssing isoformspecific, CYRC antibodiestevealed
CYP2C9 as the predomina@tyP2C isoformn the liver[3-5].

The dominance in expression of CYP3A and CYP2C9 has also been observed in
the small intestings, 6]. Characterization of human intestinal microsomes f8dm
donors showed that CYP3A and CYP2C9 account for 80% and 15%, respectively, of

total P450 conterj6]. However, it should be noted that the total content of CYP3A in



the intestine is estimated to be approximately 1% of the amount present in the, Ijer
Nevertheless, enteric CYP3A is recognized as a key contributor to thedast
metabolism of oralhadministered drugi®-13]. For example, prior work from our
laborabry demonstrated that the intestinal component of midazolam bioavailability
increased to a greater extent than the hepatic component after three doses of ketoconazole
[14]. Likewise, the furanocoumarins in grapefiuice only inhibit enteric CYP3A, but
still cause substantial increaseghebioavailability of many drugglL5-17] (discussed in
more detail in section 1.4.1.1). Galetin and colleagues havendisated thafor certain
CYP3A substrates (e.g. tacrolimus) intestinal extraction is as large as, or even greater
than, hepatic extractigid8]. In contrast, the importance of intestinal CYP2C9 in-first
pass metabolism is not as wd#fined. Sidies with diclofenabave shown thatepatic
CYP2C9 activity is markedly higher than intestinal activity, which suggests thdinates
CYP2C9 is a minocontributortowards firstpass metabolisib, 19].

Hepatc expression of CYP isoforms is fairly well correlated with their
contribution to the metabolism of commonly administered agents. A study of the top 200
prescribed drug$1i2002 identified CYP3A and CYP2C9 as the primary isoforms
responsible for metabaing most drug$ Figure 11 [20]. Consequently, alterations in
CYP3A or CYP2C9 activity are likely to impact the disposition of many pharmacological

agents.
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Figure 11: Contribution of CYPs to the metabolism of the top 200 drugs prescribed
in 2002. Adapted from Williams et 4R0].

The underlying reason for the dataFigure 1.1 is the broaahd overlapping
substrate specificities of the CYRs 21]. As a result, individual CYP isoforms can
metabolize an array of druff®m a variety of therapeutic area3able 1.1.The
drawbak of this characterigt is that it makes the CYPs susceptitanhibition in the
presence of more than one substrdatarthermorgcertain drugs are noted to be potent
inhibitors of isoforms that are notvolved in their metabolisi Table 1.1.Drug-drug
interactions aréherefore possible when particular combinations of drugs are
coadministered When the metabolism of a drug is inhibited, this can lead to elevated
plasma concentrations and potential toxicity.

Cytochrome P450 expression and activity are also inflee by genetic
polymorphisms and exposure to chemicals. For example, polymorphisms in the CYP2C9

gene are known to impact dosage requirements for wafgi88]. Except for



CYP2D6, the expression of CYPs canifiduced by environmental exposures, including
drugsi Table 1.1J29, 30] In particular, administration of compounds that are activators
of the aryl hydrocarbon receptor, the constitutive androstane receptoe, megnane X
receptorcan lead to increased expression of multiple dnagabolizing enzymes and
transporter$31-33]. This represents another drdgug interaction mechanism, in which
the pharmacokinetics of omkeug can be changed by timeluctiveeffects of another
coadministered drug on the CYPs.

In summary, the CYP@specially CYP3A and CYP2C$)ay a pivotal role in
drug metabolism and, as a consequence, are a major determinant of drug action.
However,CYP expression and activity can be influenced by mextgrnalfactors,
including drugs.In turn, CYP-mediated druglrug interactions are possible when more

than one pharmacologic agent is prescribed.



Table 1.1: Examples of Cytochrome P450 Sutrates, Inhibitors, and Inducers

CYP Substrates Inhibitor s Inducers
theoph_ylllne ciprofloxacin tobacco smoking
1A2 caffeine :
fluvoxamine omeprazole
ramelteon
efavirenz clopidogrel rifampin
2B6 buproprion ticlopidine carbamazepine
propofol prasugrel phenolarbital
repaglinide rifampin
2C8 paclitaxel gemfibrozil carbamazepine
montelukast phenobarbital
flurbiprofen
celeboxib rifampin
: fluconazole .
2C9 S-warfarin carbamazepine
: sulfamethoxazole )
phenytoin phenobarbital
losartan
diazepam , :
. rifampin
omeprazole fluvoxamine .
2C19 carbamazepine
lansopranle omeprazole )
. phenobarbital
citalopram
metoprolol aroxetine
dextromethorphar paroxe
. : quinidine
2D6 desipramine . none known
S fluoxetine
nortriptyline e
: terbinafine
venlafaxine
midazolam clarithromycin
buspirone erythromycin
sildenafil ketoconazole rifampin
3A simvastatin ritonavir carbamazepine
felodipine nefazodone phenobarbital
tacrolimus diltiazem St. John
aprepitant verapamil
maraviroc grapefruit juice

1.2 Drug Interactions

Drug-drug interactions are a concern forgldevelopers, regulatory agencies,
clinicians, and patientsA recent study estimated that 81% of older adults, aged 57 to 85,
use at least one prescription medication on a regular[B34$islt was also found that

55% of women and 43% of meegularlytake at leasbne dietary supplement



Moreover,over 50% of older adults use 5 or more prescription medicationstluer
counter medications, or dietary supplements on a regular[BdkisThus, the prevalence

of polypharmacys quite high and is anticipated to increase in the coming years with the
growing aging population in thdnited Sates. Both polypharmacy and increasing age

are known risk factors for the occurrence of clinically significant dhugy interactions

[35].

Given the high number of patients receiving multiple medicatams,
understanding of potaat drugdrug and drugherb interactions is critical to ensure the
safe and effective use of medicatiofiis is particularly important as drudyug
interactions have played a central role in the removal of some drugs from the market. For
example, themihistamine, terfenadinevas withdrawrfrom the markeafter it was
observed that coadministration with CYP3A inhibitors resulted in cardiac conduction
abnormalitieg§36, 37] The prokinetic agent, cisapride, walso withdrawn for similar
reasong38]. Unfortunately, fatalities were reported for bothraige These historita
cases indicate the importance of obtaining as much information about potential drug
interactions for a new molecular entity before wvidely prescribed.

In vitro modds of drug metabolism are commonlged in order to identify or
exclude clinically inportant drugdrug interaction$21, 3343]. Commonin vitro
systems utilize human liver microsonm(&f_M), S9 fractions, hepatocytes, or
recombinant drugnetabolizing enzymesRegardless of the enzyme source,itheitro
situation can not precisely predict the magnitude of an interaction in the clinically setting.
Nevertheless, the data obtained frionvitro experiments is useful for identifying high

probability drugdrug interactions. This allows for clinicalteraction studies to be



undertaken in a more targeted manriRegrettablyjn vitro model systems have been of
limited value in identifying clinically meaningful drug interactions involving dietary

supplenents, including many fruit bevages.

1.3 Health Benefits Attributed to Blueberry and Pomegranate

Epidemiological studies have demonstrated the health benefits associated with
dietary intake of fruits and vegetabld4-47]. These foods are a rich sourceanfarray
of phytochemical$ for example, flavonoids, phenolic acids, hydroxycinnamic acids, and
tannins. Blueberries and pomegranates are two products that have received a great deal
of attention in recent years from both scientists and the generat.publ
1.3.1 Benefits Associated with BluebergnSumption

The blueberry is a member of tilacciniumfamily and is native to North
America[48, 49] The wild blueberry\{accinium angustifoliupnis also known as the
lowbush bluebrry and grows predominately in the Northeastern United States and in
Nova Scotia, Canada. These blueberries are primarily used in food processing. In
contrast, the highbush blueberkbaccinium corymbosunis more widely found
throughout the United Steg and is the blueberry cultivar most people are familiar with.
Regardless of their origin, blueberries are rich in a number of polyphenols, especially
anthocyanin$48, 49]

Anthocyanins occur in nature as glycosylated conpgyaf anthocyanidins.
While at least 17 naturaHgccurring anthocyanidins have been described, only 6
anthocyanidins are common in higher plant&gure 1.250]. One difference among

anthocyanins is due to the nature and position of the substituents attached wmatiteir 3



5gpositions. Attachment of various sugar moieties to the 3, 5, and 7 hydroxyl groups is
also a source of anthocyanin diversity. The most frequent speciesramao3ides, 3
biosides, &riosides, and 3;8liglycosidesin which the sugars are glus® galactose,

rhamnose, arabinose, and xyl¢s@, 51]

Anthocyanidin R, Group R, Group

Cyanidin OH H
Delphinidin OH OH
Malvidin OCH; OCHj;
Pelargonidin H H
Peonidin OCH; H
Petunidin OCHjs; OH

Figure 1.2 Structure of anthocyanidins

Like many berry fruitsblueberries are a rich source of anthocyafs8s57].
However, blueberries are unique in that they contain apprecjabfdities of fie of the
six common anthocyanidifispelargonidinrbased anthocyanins are the excepti8j. A
typical serving size of blueberries has been estimated to contain 529 to 705 mg of
anthocyanins, which is significantly greater than the analogous value for other commonly
consumed berries, including cranberries (133 mg) and strawberri€® (8ig)[53].

Interest in berry fruits and anthocyanins has grown in recent years as information

regarding their potential health benefits has increased. In addition to being powerful



antioxidants, anthocyanins have derstrated cancer preventative projgsin several
animal models ofarcinogenesigb8]. Moreover, recent investigations in cancer cells
have shown that berry extracts are antiproliferative, can modulate cell cycle arrest, and
can induce apoptosjS9]. For blueberries specifically, studies in animals have suggested
blueberry consumption might be cardioproteci{s@], beneficial in preventing obesity
related sequeldé1], and neuroprotectivi2-69]. Based on these encouraging animal
results, several human trials have been designed to determine the effects of blueberry
containing products on caoyascular risk markers, inflammation, aggated memory
decline, and noismall cell lng cancers (ClinicalTrials.gddentifiers: NCT00520871,
NCTO00303238, NCT00666250, NCT00599508, NCT00681512).

One human investigation hagaminedhe cognitive benét of lowbush
blueberry juice consumptidi@O]. This study enrolled ningubjects (mean age of 76.2
years) who had experienced agéated memory decline, characterized by forgetfulness
and prospective memory lapses. Subjects were assigned to consume -dassdht
volume of lowbush blueberry juic¥ (@ n  DNild& Blugberry Jice, Nova Scotia
Canada) daily, with breakfast, lunch, and dinner, for 12 weeks. The primary outcomes
were measures of memory function, including the Verbal Paired Associate Learning Test
and the California Verbal L easelinescoregtoT e st .
those after 12 weeks of blueberry juice consumption revealed statistically significant
improvements in both memory tests. Blueberry juice supplementation also reduced
depressive symptoms, fasting blood glucose, and fasting blood ifestdis; however,
these reductions did not reach statistical significance. Although the sample size of this

study was small, the results are encouraging in regards to the potential health benefits of



daily blueberry juice consumption. More importantlye fhice tested in this study is one
of the brands examined in this dissertation for its effects on CYP3A and CYP2C9.

Several studies have reported on the bioavailability and absorption of
anthocyanins in humaiig1-84]. In general, these studies have demonstrated that intact
anthocyanin glycosides can be absorbed, distributed into the circulation, and excreted in
the urine. However, tivebioavailabilityappears to be quite low. néhocyanins can exist
in different formsdue to changes in pf85]. At a pH below 2, anthocyanins are
predominantly found as flayvium cations. At higher pH values and in the presence of
water, anthocyanins can interconverbiquinonoidal bases, carbinol pseudobases, and
chalcones. As a resutheir bioavailability may be underestimated as most analytical
methods measure only the flavylium cat[éd]. Anthocyanin glycosides have also been
shown to be transported across Gaamell momlayers and the low transport efficiencies
observed corroborate the data from clinical stufés Their poor absorption makes it
quite possible that éhmajority of consumed anthocyanins remain in the gastrointestinal
tract. In turn, enteric CYRsould be exposed to relatively high anthocyanin
concentrations, thereby increasing the risk for a-ehutgient interaction.
1.3.2 Health Promoting Propeets of ®megranate

The pomegranatd’(inica granatunhas been revered as a medicinal food in the
Middle East for thousands of yed85]. Recently, the popularity of pomegranate has
increased in the United States as the public has become morechwspotential
healthpromoting properties. Comparative studies helvewn that the pomegranate
possesses a degree of antioxidant activity that is equal to, or higher than, many other

fruits and juice$88-91]. Like the blueberry, pomegranate also contains anthocyanins,



albeit with bwer diversity and quantif2-95]. Pomegranate is unique from the
blueberry in that it is rich in ellagitannins, two of which are unique to the pomegianate
punicalagin and punicalin (Figure 1[8P, 95, 96] These compounds can be hydrolyzed
in vivoto release ellagic acid, a compound noted for its potential anticancer {giects

103]

Punicalin

Punicalagin HO OHHO OH OH

Figure 1.3: Structures of select phenolics found in pomegranate

A growing body of literature suggests that consumption of pomegranate products
may be of benefit for individuals with multiple maladiegecently reviewed by
Johanningsmeier and Harf&7] and McCutcheoet al[94]. Not surprisingly, a survey
of the available reports (Table 1.2) indicatest the therapeutic areas most extensively
studied are those in which oxidative stress is hypothesized to play a central role in disease
pathogenesis cancer and cardiovascular conditions. Although the majority of work has

been done in the preclinicaleara, it is noteworthy that a number of human trials exist.



Table 1.2: Summary of studies investigating the benefits of pomegranate products

Total Number Number of

Condition of Studies Human Studies
Cancer 32 1
Prostate 11 1
Colon 6 0
Breast 6 0
Skin 3 0
Lung 2 0
Cervical 1 0
Leukemia 1 0
Cardiovascular Disease 22 8
Skin Care 14 2
Diabetes 11 3
Antimicrobial 8 3
Weight Management 3 0
Arthritis 3 0
Inflammatory Bowel Disease 2 0

Chronic Obstructive Pulmonary

Disease 1 1
Alzheimer's Disease 1 0
Male Infertility 1 0
Erectile Dysfunction 1 1
Immune Function 1 0
Menopause 1 1
Neonatal Neuroprotectant 1 0

Adapted from Johanningsmeier and Harris [87].

Thus far, the results of the human studies have been mixed. In the prostate cancer
trial, daily consumption of 240 mL of pomegranate juice sigaifity delayed the rise in
prostate specific antigen in patients previously treated for prostate ¢addpr
Pomegranate juice also increased the antio
lipid peroxidaton as the index measurement. Ingestion of pomegranate products by
patients with diabetes, hypertension, atherosclerosis, hyperlipidemia, carotid artery
stenosis, and those at rigk coronary heart disease, fdsmonstrated improvements in
serum oxidatia status, systolic blood pressure, serum angiotensin converting enzyme
activity, intima media thickness, endothelial function, and blood lipid prdfi@s112].

Results of investigations in patients with ereatiysfunction and chronic obstructive



pulmonary disease were less promiditt3, 114] Nevertheless, at the time of this

writing, the ClinicalTrials.gov database lists over 10 studies that are actively recruiting
volunteers to study the potential benefits of pomegranate juice and extract in an array of
disease states.

In order for a pomegranate product to exert its therapeutic effect, the active
constituent(s) much reach its target site. To date, three inasitig have reported on
the bioavailability of pomegranate constituents after oral administration of pomegranate
juice, concentrate, or a powdered extfads-117]. In each case, the ellagitannins were
not detectd in plasma. However, ellagic acid was detected for up to 6 hours in plasma,
with maximum plasma concentrations,££3 of 20 to 100 nM+ 5-30 ng/mL). Some of
the subjectsd plasma and urine also contai
metabolites faned by the intestinal microflofd16, 117] Interestingly, it appears that
theurolithins persist in the body longer than ellagic acid. Specificatbtithin-A-
glucuronide could be detectedthe urinefor atleast 48 hours aftersangle exposure to
thepomegranate produsfl17].

Collectively, the available data suggest that consumption of pomegranate products
results in absorption of ellagic acid and its metabolifBsese entities appear to be partly
responsible for the beneficial effects observed in cell culture, animal, and limited human
studieq97, 99, 100, 102, 103, 118]The ability of these same constituents to irthiie
CYP enzymes is largely unknowithe dearth of knowledge represents a problem as
many of the conditions for which pomegranate is reported to be of benefit are routinely

treated with drugs.



1.4 Fruit Juice-Drug | nteractions
1.4.1 Grapefruitluice
1.41.1 CYP3A

The discovery of grapefruit juicebs abi
channel blocker, felodipin@yvertwenty years ago established the potential for dietary
constituents to alter drugetabolisn{119]. In the subsequent yeaessnumber ofn
vitro andin vivo studies have sought to characterize thugdnteraction risks associated
with various natural products and fruit juidé$, 17, 120123]. For the majority of
natural products examined, emvitro-in vivodisconnect has been observed, with
inhibition of in vitro CYP activity notextending intahe clinical setting.While there are
many potential explanations for this observation, the most likely reason involves
insufficient amounts atheinhibitory constituents reaching the CYP enzymehis
could be he result of poor dissolution and absorption from the gastrointestinal tract
and/ormetabolism (e.g., glucuronidation) of the inhibitory constitughtseby
inactivating them before they are able to reach theCYiPaddition,our laboratory has
postuated that an irreversible inhibitory effect by the natural product may be necessary
for a clinically significant interaction to occ{6, 17}

Grapefruit juice is unique among widetpnsumed fruit beverages basa it
contains a class of compounds known as furanocoumakigare 1.4 All
furanocoumarins containathreei ng o6 headd region, and with
and bergapt en, anAlsafbungimtiaetjuicere aigtoapioffi 6 r egi on.
spiroesterscalled paradisins, that consist of dimers of bergamottin eral 6

dihydroxybergamottin.The furan moiety is postulated to undergo biotransformation to a



reactive furanoepoxide orketoenal intermediate that irreversiltliynds to CYP protein
andeliminates enzymatic activifjl24]. Using bergamottin as an index furanocoumarin,
it has recently been shown that the glutamine residue at positiasf EZXP3A4 is

targeted by the furanoepoxidemketoenal inermediate for covalent adduct formation

° o o
o F
OR
Furanoepoxide Intermediate o-Ketoenal Intermediate

N S

/ S
Paradisin A
Furanocoumarin R group ° o o
Bergaptol H
Bergapten CH;

Bergamottin

OH
6E7Edihydroxybergamottin
(DHB) Z

Figure 1.4 Structures of furanocoumarins found in grapefruit juice. Paradisin A is
a representative of the spiroms found in the juice. The putative intermediates that
covalently bind to the CYP3A protein are also depicted.
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The furanocoumarins are potent inhibitors of CYP3A, witkiitro ICsgvalues in
the nanomolar to low micromolar randé, 124, 126137]. The order of potency fan
vitro inhibiton of CYP3A has been shown to be paradisingZaidihydroxybergamottin
> bergamottin > bergaptol. More recently, definitive evidence implicating the
furanocoumarins as the grapefruit juice constituents responsibievimo CYP3A
inhibition has been provided by two clinical investigations inv@\ime coadministration
of furanocoumarisfree grapefruit juic¢138, 139] Paine and colleagues removed
approximately 99% of furanocoumarins from a commercial grapefruit juice preparation
using a citrugdebitteringsystem[138]. Coadministration of this furanocoumafiee
juice with felodipine to healthvolunteers resulted in median AUC ang.(values that
were not significantly different from control. In contrast, tireated grapefruit juice
caused the median AUC ang,&for felodipineto increase by approximately 2nd 3
fold, respectivelyf138]. The lack of an interaction in the absence of furanocoumarins
was confirmed ira subsequent study in which cyclosporine disposition was utilized as
the CYP3A probe substraj&39].

Consumption of grapefruit juice, in usual dietary amounts, results in inhibition of
enteric CYP3A only140-143]. Consequently, grapefruit juice consumption does not
alter the pharmacokinetics of intravenously administered drugs and fails to prolong the
plasma haHife of orally administered agents. Grapefruit juice inggstesults in an
irreversible loss of enteric CYP3protein, without a corresponding change at the mRNA
level[144-146]. Recovery of enzymatic activity occurs only affernovoenzyme
synthesisaand our laboratorfias shown that the hdlfe for this process is approximately

23 hours after a single dose of grapefruit juik®2]. Therefore, grapefruit juice does not



have to be physically present in the gastrointestinel itmaorder br an interaction to
occur[132, 147150].

The effecs of grapefruit juice on the disposition of many drugs metabolized, i
whole or in part, by CYP3A havgeen publishefll6, 17, 151153]. For the majority of
agents studied, the reported AUC ratio (AUC with grapefruit juice / AUC with water) is
less than 2.0, indicating a wetdkmoderate degree ofhibitioni please refer to the
Table in Hanley et dlL6] for a detailed listing of published AUC rasi. However, for
certain medicationghe reported ratio is higher. More importantly, a large degree of
variability in the AUC ratio with grapefruit juice ingestion exists tloee same drugThe
variability in the magnitude of the interaction is probably the result of an interplay of
numerous factors. First, grapefruit juice is a complex mixture and the exact
concentations of the furanocoumarins dmeown to varywithin andbetween different
brandsof juice[126, 127, 154, 155]Secondly, many of the clinical investigations have
empl oyed athrdear dé grapefruit juice dosing re
doublestrength juice dministered up to three times a day. Thirdly, the inherent
susceptibility of enteric CYP3A to inhibition is anticipated to vary from peteon
person. Lastly, the role played by enteric CYP3A in the-fiests metabolism of a drug
depends on the individiiattributes of the chemical. Alprazolam andlazolamare
both benzodiazepines; however, administration of grapefruit juice resaltsmaller
increase in alprazolam exposure (AUC ratio 4f2) as compared with midazolgdwuUC
ratios ranging from 1:2.4)[132, 140, 156162]. This is the direct result of alprazolam
having a higher oral bioavailability (F > 0.8pecause of lower enteric metabolism

than midazolangF & 0.3)[14, 163]



In summary, the furanocoumarins present in grapefruit juice irreversibly inhibit
enteric CYP3A. This leads to increased plasma concentrations of orally administered
drugs that are extensively metabolized by CYP3A and normally undergtastial first
pass metabolism by enteric CYP3A. The increase in plasma exposure may result in
adverse effects and potential toxicity, especially for medications with a narrow
therapeutic index.
1.4.1.2 Organic Anionlransporting Plypeptides (BTP)

Grapefruit juice ingestion has also been shown to reduce the plasma
concentrations of certain medications that rely on uptake transporters present in the gut
for absorption. The organic anibransporting polypeptides are a family of proteins
involved in thetransport of drugs, hormones, and bile acids. They are found throughout
the body, including many sites relevant for drug absorption, distribution, metabolism, and
excretion. Inthe small intestineATP1A2 and OATP2B1 are thought to be the
principal isobrms. However, a recent investigation using human intestinal biopsy
samples detected OATP1B1 and OATP1B3 mR1i46].

Grgpefruit juice has also been showninhibit OATP-mediateddruguptake both
in vitro andin vivo [146, 164167]. In contrast to its irreversible effect on CYP3A, it
appears that grapefruit juice must be present in the gastrointestinal tract to inhibit OATP
uptake. When fexofenadine (an OATP probe sulegtreds coadministered with 300 mL
of grapefruit juice, the AUC ratio was 0.48. Administration of fexofenadioe4 hours
after ingestion of the same volume of grapefruit juice resulted in AUC ratios of 0.62 and
0.96, respectivel{146]. Moreover, intestinal biopsy samples revealed no changes in

OATP1AZ2 expression after consuming grapefruit juice.



The furanocoumarins do not appear to be the OATP inhibitory constituents in
grapefruit juice. Currently available tdaindicate that the flavonoids, specifically
naringin, are the compounds mediating OATP inhibifitd4, 166, 168] Ingestion of an
agueous solution of naringin (12u) with fexofenadine yielded an AUC ratio 0f78.
The analogous value when fexofenadine was given with grapefruit juice (naringin
concentration of 123@M) was 0.58 suggesting ther flavonoids areontributing tothe
OATP inhibitory effecf{166]. Further @idence implicatinghe flavonoids is the fact that
orange and apple juice, two fruits juices devoid of furanocoumarins, also reduce exposure
to OATP substrateld 65, 169]

Similar to what is observed for CYP3RAetabolized drugs, not all putative OATP
substrates appear to be impacted by grapefruit juice exposure. -@AadiRted uptake of
glyburide was inhibited by grapefruit juiae vitro, but the clinical study demonstrated an
AUC ratio of 1.09164, 170] The statins are also known to be transported by OATPS;
however, coingestion with grapefruit juice causes either no change or an increase in their
expasure[150, 159, 174176]. These discrepancidsirther pointto the need for clinical
pharmacokinetic studies when assessing the interaction potential of fruit juices.

1.4.2 Pomegranate Juice
1.4.2.1 Effect of Pomegranate Juice ©NP3A

The effect of pomegranate juice on CYP3Aatt has been evaluated bath
vitro andin vivo. Hidaka and colleagues conducted two investigations using freshly
squeezed and filtered pomegranate jjic&, 178] In the first study, 5% pomegranate
juice rediced midazolam hydroxylation by pooled human liver microsomes to 3.2% of

control activity[177]. Carbamazepin0,1tepoxide formation by pooled human liver



microsomes was utilized as the marker activity in thersgéstudy178]. Pomegranate

juice decreased epoxide formation in a concentratependent manner. At a

concentration of 5% juice, epoxide formation was reduced to 1.8% of control. Although
not calculated by thstudy authors, the Kgvalue was approximately 1.25%. The

authors also demonstrated increased inhibitory potency of 0.6% juice with increasing
preincubation times; thereby, suggesting the presence of a mectmsechinhibitor in

the juice. This lattestudy also investigated the effects of pomegranate juice on the
pharmacokinetics of carbamazepine in rats. Pretreatment of rats with a 2 mL oral dose of
juice 1, 24, or 48 hours prior to carbamazepine dosing resulted in AUC ratios of 1.45,
1.29, and 1.8, respectively178].

Anotherin vitro study also utilized midazolam hydroxylation as the marker
activity for CYP3A[179]. Unlike the aforementioned investigation, this study tested a
commerciallyavailable pomegranate juice product (Aysunofr&omegranatéuice).

This pomegranate juice braeahibited an 1G, value for midazolamdhydroxylation of
11.3% aftera 20 minutepreincubatiortime. Without preincubation, the analogous value
was greater than the highest concentration tested (20%).

Our laboratory has also examined th&itro andin vivo effects of pomegranate
juice onCYP3A activity[157]. The pomegranate juice tested irs tstudy was supplied
by the POMWonderful companylLos Angeles, California) Without preincubation,
pomegranate juice inhibitedOH-triazolam and 4DH-triazolam formation with 1G
values of 0.61 and 0.57%, respectively. When pomegranate juice was preincubated with
HLMs for 20 minutes prior to the addition of triazolam, inhibitory potency was reduced

ICso values increased to 0.97 and 0.90%. Howevelinthibition of CYP3Ain vitro did



not translate into the clinical setting. Consumption of @) mL glasses of juiceone
~14hours before, and one 60 minutes before, probe substrate administriatied to
significantly alter the pharmacokineticsIdfor oral midazolam as comparedvwtien the
pretreatment wawater.

Another clinical study corroborated the lackimf/ivo CYP3A inhibition by
shortterm pomegranate juice consumpt[@80]. Ingestion of juice, three times a day
(900 mL/day) for three days, had no effect on thg.@ AUC of the CYP3A substrate,
simvastatin, or its active metabolite, simvastatin acid, as compared to water ingestion.

A third clinical trial invesigated the effects of chronic pomegranate juice
consumption on midazolam dispositid81]. Healthy Japanese volunteers ingested 200
mL of normaistrength pomegranate juice, twice a day, for 14 days. On day 14,tsubjec
took oral midazolam with the morning dose of pomegranate juice. In agreement with the
acute midazolam stud$57], chronic pomegranatmnsumption did not alter thené
AUC, Tnax Or t2 of midazolam as compad to coadministration with water.

Taken together, the available data indicate that pomegranate juice imhibits,
but notin vivo, CYP3A activity. Not surprisingly, tha vitro inhibitory potency appears
to depend on the brand of juice tested @n@dprobe substrate selected for measuring
CYP3A activity.
1.4.2.2 Effect of Pomegranate Juice ©NP2C9

To date, only oné vitro study has explored the inhibitory capacity of
pomegranate juice toward CYP2(182]. Using pooledHLMs, freshly squeezed
pomegranat@iice dosedependently reduced diclofenac hgxlylationwith an IG value

of 0.97%. A greater inhibitory effect was noted with increasing exposure of the enzyme



to the juice before addition of diclofenace; thereby, suggestingdependent

(mechanisrrbased, irreversible) inhibition of CYP2C9 by stituents in the juice. A
subsequent pharmacokinetic study in rats showed that a 3 mL dose of pateegiae

one hour before tolbutamide (a CYP2C9 substrate) administration caused a statistically
significant i ncr e §82¢ These oliservationstsuggestthata 6 s A UC
pomegranate juice is capable of intilg CYP2C9.

To date, the ability of pomegranate juice to inhibit CYP2C9 in humans has not
been directly assessed in a controlled clinical investigatidavertheless, three case
reports have appeared in the clinical literature that implicate pomeégjjarc in
enhancing the pharmacological effect€CMP2C9 substrates.

In the first report, a 48 yeald male was receiving rosuvastatin (a CYP2C9
substrate) and ezetimibe treatment for familial hypercholesterolemia without
complications. After 17 mdhs, he presented with a grossly elevated creatine kinase
level and symptoms consistent with rhabdomyoly$isiring his work up, it was noted
that he had started drinking 200 mL of pomegranate juice, twice a week, in the three
weeks prior to his presenitat. The aut hors concluded that th
the result oklevated rosuvastatin concentraticasised by inhibition of its metabolism
in the presence of pomegranate jUit&3].

The other two case reports involve the anticoagulant, warfarin, whose active
enantiomer (Svarfarin) is cleared by CYP2C9n the earlier case, a 64 yeald woman
was receiving 4 mg of warfarin forgtprevention of deep vein thrombosis for 9 months.
During this time, the patient had been consuming a glass of pomegranate juice two to

three times per week. After attending an educational session, the patient was instructed



to stop consumingthe juic&r i or t o this session, the pat.i

Ratio (INR) was 2.2. At thevisit following the educational session (and instructions to
stopconsumingoomegranate juicaghe INR became subtherapeutit.7[184].

In the second warfarin case 37 yeanld woman had been receiving adequate
anticoagulation control with warfarin for more than a yesinepresentedo the hospital
with an INR of 14 and a large heroata in her left calf.The patient denied any recent
changes in medications, but stated that she had consumed approximately three liters of
pomegranate juice over the past wgs5].

In both case reports, the authors suggested that pomegranate juice had caused the
alterations in the patientds I NR values.
the inhibition of CYP2C9nediated clearance ofarfarin by pomegranate juice.

However, it should be remembered that case reports do not provide sufficient evidence to
determine causality.

Collectively, the availablen vitro data and case reports suggest that pomegranate
juice can inhibit CYP2C9 awity. The information dekied from a controlled, clinical
pharmacokinetic study would benefit pomegranate manufacturers, clinicians, and the
general public by providing evidence for or against pomegrdvased drug interactions.

To the best of our knoedge, this dissertation details the first human study examining
the effects of pomegranate juice consumption on CYP2C9.
1.4.3 Effect ofBlueberry Juiceon CYP Activity

The potential drug interaction risks associated with consumption of blueberry

juice have not been explored\o in vitro or in vivointeraction studies, either in animals

or in humans, have been published to date. Indirect evidence suggesting blueberry juice



might be capable of inhibiting CYP2C9 and CYP3A activity is provided by work done
with another member of théacciniumgenus, cranberry.

Several studies have shown that cranberry juice can inhiaitro CYP2C9 and
CYP3A activity[186-189]. However, the results from vivostudies are conflting.

For CYP3A,ingestion of a 240 mL glass of cranberry juice did not alter the
pharmacokinetic parameters of cyclospofi@0]. In another studyhtice daily
administration of 200 mL of cranberry juice failed to change midazolam exposure as
compared to water contrfil91]. These results are in disagreement Witise froma
more recent studyl87]. After screening five brands of juice fiorvitro inhibition of
CYP3A,the most poterttrandwas tested clically. Subjects received three, 240 mL
glasses of doublstrength juice each separated by 15 minutes. Midazolam was
coadministered with the lasbse of juice. The geometric mean (90% confidence
interval) AUC ratio (AUC with cranberry / AUC with watefdr midazolam was 1.33
(1.171.50) indicating inhibition of CYP3AA follow-upin vitro investigation suggested
the primary CYP3A inhibitory componenitscranberry juicavere a series of triterpene
derivativeg192].

The potential CYP2G#8nediated interaction between cranberry juice and warfarin
has received a great dedlattention in recenyears, largely as a reswoit a series otase
reportsappearing in the literatuf@93]. However after examinatiom a controlled
environment, the interaction risk appears minimal. Our laboratory demonstrated that
administratiorof flurbiprofen (a CYP2C9 probe) witt40 mLof cranberry juice/ielded
pharmaokinetic parameters that were not different from those observed after

administration with a placebo beverd®86]. These results concur with those using



warfarin as the CYBC9 probe substrate and multiple exposures to cranberry[Jid8e

191, 194] Importantly, one of these studies was a randomized, dblibtg placebe
controlled trial in patients receiving warfarin therafatentswere divided into two

groups, with one group receiving 240 mL of cranberry juice daily for two weeks, and the
other group, a matched placebo beverdgjasma warfarin levels did not differ among

the two groups and no marked changes were noted g the UNRS8[$94].

This dissertation details the finist vitro andin vivo studies aimed at ascertaining
the risks associated with blueberry juice consumption. Specifically, two brands of
bluebery juices were testedndividually and as a 50:5@ixture,to see if they inhibited
CYP2C9 and CYP3A activity using human liver microsomes. The translatability of the
in vitro datawasthen studied in two clieal pharmacokinetic trialsThe knowledge

ganed holds value for blueberry growers, clinicians, and the general public.

1.5Buspirone and Flurbiprofen as Probe Substrates for CYP3A and CYP2C9
Activity

As mentioned previously, CYP3A and CYP2C9 amolaed in the metabolism of
a myriad oftheraputic agents. Tdrefore it is not feasible tstudytheinteraction of
each CYP3A or CYP2C9 substrate with a candidate inhibitor or fruit juice. The accepted
means to circumvent this problem is through the use of a probe (index) substrate. A
probe subsate is defined as a compound that is metabolized exclusively by a given CYP
isoform. By monitoring the disposition of a probe substrate under control conditions and

comparing the results with those in the presence of a candidate CYP inducer or inhibitor



inferences can be made regarding the disposition of other drugs metabolized by the same
isoform when coadministered with the inhibitor.

The most recent Food and Drug Administration (FDA) Guidance for Industry
document regarding drug interaction studies st s buspirone as a fAse
CYP3AT a drug whose plasma AUC value increases by at lefadtl svhen
coadministered with a known CYP inhibid95]. Buspirone is aanxiolytic that is
distinct, both in structure and in nf@ism, from the benzodiazepirj@96-198].

Similar to the benzodiazepines, triazolam
entirely the result of CYP3A activify 99]. Howe\er, the systemic availabiliiyf

buspirone (H%) is lower than both of these benzodiazepimaking it more sensitive to
alterations in CYP3A activity. @administration of buspirone with archetypal CYP3A
inhibitors such as verapamil, diltiazem, erythromycin, and itraconazole, resulted in AUC
ratios of 3.4 to 19.2200, 201] Thrice daily ingestion of doublstrength grapefruit juice
caused the AUC of buspirone to increase byf8l@ [202]. Additional characteristics of
buspione that make it a preferred probe substrate over the benzodiazepines are that the
latter are classified as controlled substances and are associated wittdadrieg of
sedation.For these reasons, buspirone was selected as the probe substrate tneleterm
the effects of blueberry juice on CYP3A.

Regulatory guidance documents list celecoxib, warfarin, and phenytoin as
sensitivein vivosubstrates for CYP2(395]. However, there are concerns with using
each of these agents in healthy volunteers. Warfarin and phehgthiare narrow
therapeutic range drugs. Therefore, elevations in plasma levels in the presence of an

inhibitor are quite likely to result in significant adverse effedtsis is particularly



worrisome f the putative inhibitor has never been studiedi®becausehere is no
foolproof method to estimate the degree to which plasma expofweagfarin or
phenytoin mighbe increased. Celecoxib has a wider therapeutic range than warfarin or
phenytoin, but belongs to the C&Xinhibitor family. Two memeérs of this class of
drugsi rofecoxib (Vioxx®) and valdecoxib (Bextra®)were withdrawn from the
market because shfety concerns related to increased incidence of heart attack and
strokewith chronic use Celecoxib remains available, but theguict beling contains a
blackbox warning regrding thecardiovascular risks

Flurbiprofen is a nosteroidal antinflammatory drug (NSAID) that is
metabolized to one principal metabolit@@H-flurbiprofen) by CYP2C9203, 204]
Our laboratory and others have successfully used flurbiprofenias/emo CYP2C9
probe in the pagii86, 205208]. In addition, lurbiprofen isa suitable surrogate for
warfarin because both drugs are highly protein bound and exhibit small volumes of
distribution. Flurbiprofen also appears to be a moderately sensitive CYP2C9 substrate
because its AUC is areased by a factor of 8 8 in the presence of fluconazole, a known
CYP2C9 inhibitorf209]. Consequently, flurbiprofen was selected asrthatro andin
vivo probesubstrate to study the effects of blueberry juice, pomegranate juice, and

pomegranate extract on CYP2C9 activity.

1.6 Research Objectives and Organization of the Dissertation
Drug interactions with natural products are a concern for clinicians and patients.
To date, the primary focus has been on grapefruit juice and its inhibition of enteric

CYP3A. One recent sty has also shown that high dose cranberry juice administration



can inhibit enteric CYP3AlInhibition of the OATP family of uptake transporters by
grapefruit juice, apple juice, and orange juies hlso been demonstratetherefore,
there is precedenof clinically relevant drug interactions with fruit juices.

Cell culture, animal, and human studsegjgesthatconsumption obluekerry
and pomegranate products mightdemeficialfor a number otonditions. In turn,
coadministration of these natugbducts with drugs is likely to occur as patients
become aware of their potentia@dith benefits.The drug interaction risks associated
with this practice are largelynunown for both blueberrgnd pomegranataroducts
Consequently, the objective difi$ dissertation was to determine the ability of blueberry
juice, pomegranate juice, and pomegranate extoaohibit CYP3A and CYP2C9
activity bothin vitro andin vivo.

First, the inhibitory potential of two blueberry juices was tested in human liver
microsomes using index reactions for CYP2C9 (flurbiprofen hydroxylation) and CYP3A
(buspirone dealkylation and triazolam hydroxylatiandivity. Both a lowbustand
highbush brand of juice wetested individually and as a 50:50 mixtwfehe twa All
three preparations of juice exhibited concentratiependent inhibition of CYP activity.
Consequently, the clinical relevance of thevitro findingswas then tested in two
separate, randomized, thre@y crossover, pharmacokinetic trials. Each clinstatly
enrolled 12 healthy volunteers. For CYP3A, the pharmacokinetic parameters of
buspirone were determined after pretreatment with 300 mL of water, 300 mL of a 50:50
mixture of the two blueberry juices, or 300 mL of grapefruit juice (positive contriod).
index substrate for the CYP2C9 study was 100 mg of flurbiprdfegtreatments for this

trial were 300 mL of water, 300 mL of a 50:50 mixture of the two blueberry juaces



200 mg of fluconazole with 300 mL of water (positive contrdlhe variablity in the
composition of the study juices was determined by measuring the furanocoumarin
(grapefruit juice) and anthocyanin (blueberry juice) content on each study day.
specific study details and results for thesds can be found in chapterd? this
dissertation To the best of our knowledge, this is the first report examining the effects of
blueberry juice on cytochrome P450s.

The second investigation focused on the ability of pomegranate juice and
pomegranate extract to inhibit CYP2@0vitro andin vivo. The principal aim of these
studieswas to obtain data that could then be used to support or refute the costention
made by the authors tifie aforementionedase reportgl83-185]. The thee produts
tested were 100% POMonderfulpomegranate juicéOMx pomegranate extract, and a
low-polyphenol placebo beverag&he juice and extract bottosedependentlynhibited
flurbiprofenhydroxylation by human liver microsomes, whereas the plabeberage
did not. A clinical four-way crossovestudy was then performed in twelklaman
volunteers. Subjects received 100 mg of flurbiprofen, on four occasions, with the
following pretreatments: 1) 250 mL of the placeco beverage; 2) 250 mQ08HPOM
Wonderfulpomegranate juice; 3) one, 1 gram capsule of POMx pomegranate extract with
250 mL of water; and, 4) 200 mg of fluconazole with 50 of water (positive control).
The methods and results of this investigation are chronicled in chapter 3 of this
dissertabn.

The fourth chager of this dissertation describascreening studyatwas
undertaken in an effort to identify the patial CYRinhibitory constituentén blueberry

juice and the pomegranate produdtising pooled human liver microsomes, 18 dfa



polyphenols were examined for their ability to inhibit the primary cytochrome P450
enzymes involved in drug metaboliSnCYP1A2, CYP2B6, CYP2C8, CYP2C9,
CYP2C19, CYP2D6, and CYP3AAs a result of the paucity of data for the
anthocyanidins and anthaayins theywere tested at concentrations of 1, 10, and 100
MM so that preliminary 16 concentrations could be determinedhere appropriate
Chlorogenic acid, gallic acid, ellagic acid, ferulic acissqumaric acid, caffeic acid,
guercetin, myricetinand luteolin were screened at 10 and D Assays were
conducted with and without preincubation of microsomes with each polyphenol to
examine the potential for irreversible (mechanisased/timedependent) inhibition.

Finally, the last chapter comts adiscusgn of the implications of our findings
Also provided in this chapter aretential directions for future work.

Individual subject valuelsom the pharmacokinetic investigations can be found in

the appendix.



CHAPTER 2:

EFFECT OF BLUEBERRY JUICE

ON IN VITRO AND IN VIVO

CYP2C9 AND CYP3A ACTIVITY



2.1 ABSTRACT

Drug interactions with fruit juices are a concern for clinicians, patients, and juice
manufacturers. Since the interaction potential of blueberry juice is currefitipwn,
the present study evaluated the possibility of drug interactions involving blueberry juice
and drugs metabolized by CYP3A and CYP2C9. Using human liver microsomes, a
lowbush and highbush brand of blueberry juice weséed individually, and as 50
mixture, for their ability to inhibit CYP3/&nd CYP2C9 activity. The index reactions
utilized were triazolam hydroxylation (CYP3A), buspirone dealkylation (CYP3A), and
flurbiprofen hydroxylation (CYP2C9). In clinical investigations, the pharmacaksef
oral buspirone and flurbiprofen were studied in healthy volunteers after pretnéatitine
water (control), the 50:5Mixture of blueberry juice, and an appropriate positive control
i grapefruit juice for buspirone and fluconazole for flurbiprof@oice samples were
taken on each study dand analyzed for anthocyanin (blueberry juice) or
furanocoumarin (grapefruit juice) content andvitro inhibition of CYP activity. Both
blueberry juices inhibitedh vitro CYP3A and CYP2C9 activity indivighly and when
combined in a 50:5Mixture. The 50% inhibitory concentrations {§Cfor the mixed
juices were 1.4% for triazolam, 1.5% for buspirone, and 1.6% for flurbiprdfen.
contrast to grapefruit juice, th€sy valuesfor blueberry juicevere not damatically
altered by preincubation of microsomeih the juiceprior to the addition of substrate;
thereby, suggesting a lack of tirdependent (mechanisbased/irreversible) inhibitors in
theblueberryjuice. In the CYP3A clinical study, grapefruitige significantly increased
the area under the plasmancentratiortime curve (AUC) for buspirone. The geometric

mean AUC ratio (AUC with juice divided by the AUC with water) was 2.BRieberry



juice administration also caused an increase in buspikbi@® but this increase was not
statistically significant geometric mean riat of 1.39. In the CYP2C9 triafluconazole
pretreatment caused a statistically significant increase in the AUC of flurbiprofen
(geometric mean ratio = 1.71) and a correspondetgease in the AUC of its principal
metabolite, 4OH-flurbiprofen (geometric mean ratio = 0.58)he geometric mean

ratios for flurbiprofen (1.03) andx®H-flurbiprofen (0.95) did not differ significantly
from 1.0 with blueberry juice consumption, icating a lack of inhibition of CYP2C#&
vivo. Analysis of the clinical juice samples revealed that the mean anthocyanin
concentrations in the lowbush blueberry jliceE263 (CYP3A study) and 1091 (CYP2C9
study) pg/mL 7T were markedly greater than the Engus levels in the highbush juice
(199 and 22%g/mL). For grapefruit juice,ite mean concentrations of the potent
CYP3A inhibitory furanocoumarins g@adihydroxybergamottin and paradisin C, were
1.5 and 0.6ug/mL, respectively. Collectively, the clinical trial results indicate that
avoidance of blueberry juice by patients taking CYP3A and CYP2C9 substrate drugs is

unnecessary.



2.2 INTRODUCTION

Consumption of fresh blueberries and blueberry juice is increasing as the public
becomes more aware of their health benefits. Bluebawoigsin an array of
phytochemicals and are a particularly rich source of the anthocyanin class of flavonoids
[52-57]. In addition tabeing high in antioxidant# vitro, animal, and human studies
suggest thablueberries possess anticancer, cardioprotective, neuroprotective, and
antiobesity activityf58-60, 6269, 216214]. Since many of these conditions are treated
pharmacologically, an understanding of the drug interaction risks associated with
blueberry juice consumption is necessargnsure patient safety.

Thecytochrome P450 enzymes are involved in the metabolism of both
endogenous compounds and xenobidtic®15, 216] CYP3A is the predominate
isoform in the small intestine and livand is estimated to be involvedthe metabolism
of more han 50% of drugf2, 6]. It plays a significant role in the presystemic extraction
(first-pass metab@m) of many therapeutic agents, which directly influertrag
bioavailability. Andher important drugnetabolizing isoform is CYP2C9 because it
metabolizes the narrow therapeutic index drugs, warfarin and phe{8ain218]

Thus, identification of inhibitors of either isoform is a salientaayn for clinicians and
patients.

The ability of fruit juices to interact with prescription drugs was first identified in
1989 when grapefruit juice was shown to increase the bioavailability of felodipirs].
Subsequent work identified the furanocoumarins as the constituents responsible for
causing irreversild inhibition of CYP3A inthe mucosal cells lining the gastrointestinal

tract[16, 124, 126139]. Examinations of other fruit juices have usually demonstrated an



in vitro-in vivodisconnect for CYP inhibition. Mor@cently, grapefruit, orange, and
apple juices have been shown to inhibit the OAf&diatecuptake of certainlrugs[15-
17, 151153, 219, 22Q]

To date, there are no published reports regarding the ability ofdvhyghice to
inhibit in vitro andin vivo CYP activity. However, evidence suggesting that blueberry
juice might inhibit CYP3A exists in that higifose consumption of cranberry juice
which belongs to the same gen\Vagciniun) as the blueberriy has bee shown to
increase midazolam exposui87]. Although several case reports involving warfarin
implicated cranberry juice as a CYP2C#8ilmtor, this contention was not corroborated
by the results of controlled clinical studi@d86, 188, 191, 193, 194]

In this contex, a lowbush brand of blueberry juice and a highbush brand of
blueberry juicenere testedndividually, and as a 50:50 mixture, for their ability to inhibit
CYP3A and CYP2C9 activity using human liver microsomiese to the aforementioned
in vitro-in vivodisconnect when studying fruit juice interactiothg blueberry juice
mixture was tested in two pharmacokinetic studies using human volunteers. Specifically,
oral buspirone (CYP3A) and flurbiprofen (CYP2G@®arance was measured with and

without blueberry juice coadministration.



2.3MATERIALS AND METHODS
2.3.1In Vitro Inhibitio n of CYP3A and CYP2C9 Activity by Blueberry Juices and
the Positive Control Inhibitors, Grapefruit Juice (CYP3A) and Fluconazole
(CYP2C9)
2.3.1.1Juice Samples

Two different brands of blueberry juice were testeditro both individually, and
as a 50:50nixture. The mixture of juices comprised the test article in the clinical study.
The first brand of juice wak00% Pure Wild Blueberry Juiggoduced from lowbush
blueberries and manufactured bgw Dy k6s Heal t h Juice Produc
Canada.As this juice was not readily available in the Boston area, it was obtained
directly from the manufacturer. The second brand of juice was produced from highbush
blueberries:Just BlueberryR.W. Knudsen Family Company, Orrville, Ohio. This juice
waspu chased at a | ocal dLe0%o Waite Grapeftuituices . Oceat
(Lakeville-Middleboro, Massachusettghe positive control inhibitor for CYP3Avas
purchased at a local grocery store in the-redrigerated sectionUpon acquisition, all
juice bottles were stored &t@ until the time of use.
2.3.1.2Inhibition of CYP3A

Thein vitro metabolic model using human liver microsomes (HLNE3$ been
described43, 132, 186, 199, 204, 223]. Human liver ssue from individual donors
with no known liver disease were obtained fribra International Institute for the
Advancement of Medicine (Exton, PA); the Liver Tissue Procurement and Distribution
System, University of Minnesota (Minneapolis, MN); or the biadil Disease Research

Interchange (Philadelphia, PA). Prior phenotyping studies indicated that the livers were



of the CYP2D6 and CYP2C19 normaktabolizer phenotype. Microsomes were
prepared by ultracentrifugation and the microsomal pellets were s@spiend. 1M
potassium phosphate buffer containing 20% glycerilMs were stored ai80°C until
use. Inhibition experiments were conducted using HLMs from four individual donors.
Fixed concentrations of the CYP3A probe substrates triazolam (250 puM) and
buspirone (25 pM) were examined. Incubation mixttrégsal volume of 250 pi
containedb0 mM phosphate buffer (pH=7.4), 5 mM magnesium, 0.5 mM nicotinamide
adenine dinucleotidghosphate, and an isocitrasetitric dehydrogenase regenerating
system. Te probe substrates were added to a series of incubation tubes and the solvent
evaporated under vacuum. Fruit juices were diluted in incubation buffer and added as
appropriate to yield final concentrations of 0.25, 0.5, 0.75, 1, 2, and 3%
(volume/volume).Reactions were started by addition of HLMs. For triazolam reactions,
thefinal microsomal protein concentrations were-0.2 mg/mL. The corresponding
values for buspirone assays were 0:025 mg/mL. Tubes were incubated for 20
minutes in a shakingater bath set at 37°C. After 20 minutes, reactions were stopped by
the addition of 100 pbf ice-cold acetonitrile containing the appropriate internal standard
T phenacetiror triazolam experimentnd 2acetamidopénol for buspirone
experiments Tubeswere centrifuged and 300 pl of the supernatant was transferred to an
HPLC autosampling vial for analysis.
Inhibition experiments were also conducted with a 20 minute preincubation
period in which the HLMs were exposed to the juice samples prior to tiiteadd the
probe substrate. The purpose of these assays was to examine the possibility of time

dependent (irreversible/mechanisrased) inhibitiorj223-227].



2.3.1.3Inhibition of CYP2C9

Inhibition of in vitro CYP2C9 activityby blueberry juices was examined using
flurbiprofen hydraylation as the index reactigh86, 204] The concentration of
flurbiprofen was 51M. Experiments were conducted exactly as described éaaltbve
CYP3A studies. Also conducted were assays using the positive control inhibitor,
fluconazole. Reactions were initiated with-0.2 mg/mL of microsomal protein and
allowed to proceed for 20 minutes. Tubes were removed from the water bath ged stop
by the addition of 100 pl of iceold acetonitrile containing the internal standard,
naproxen. Tubes were centrifugaadd the supernatant transferred to an autosampling
vial for analysis. The potential for tirgiependent inhibition was examined via
preincubation experiments with a preincubation time of 20 minutes.
2.3.1.4HPLC Analysis of In Vitrénhibition Samples
2.3.1.4.1Triazolam

The HPLC assay for triazolam has been reported previflishy 223] In brief,
the analytic column was46x 150mm Waters Novdak Gg. Separation of analytes
was achieved isocratically at a flow rate of 1.0 mL/min. The mobile phase contained
70% of 10 mM potassium phosphate monobasic buffer, 20% acetonitrile, and 10%
mehanol. The injection volume was P0and the total run time was 40 minutes.
Column effluent was monitored with ultraviolet detection at a wavelength of 220 nm.
The two metabolites of interest wdbeOH-triazolam and 4H-triazolam.
2.3.1.4.2Buspirone

The HPLC assay for measuring buspirone and its metabolites was adapted from

one published previous[t99]. The column was a 4.6 x 15Gm Agilent Zorbax RXCs.



Mobile phase A was 0.01% trifluoroacetic acid in watdiobile phase B was

acetonitrile. The initial conditions were 92% mobile phase A and 8% mobile phase B.
After 8 minutes, the percentage of mobile phase B was increased linearly to 40% over 22
minutes. From 30 to 35 minutes, the percentage of mobike@avas increased

linearly to 90%. The mobile phase was returned to its initial conditions over the next 5
minutes and the column was thereilibrated for an additional 5 minutes with 92%
mobile phase A and 8% mobile phase B. Therefore, the totaine per sample was 45
minutes. The flow rate was held constant at 1.0 mL/min.

The injection volume was 3@. Column effluent was monitored with ultraviolet
detection at a wavelength of 248 nm. Injection of pure standards for 1
pyrimidinylpiperazing1-PP) 6aOH-buspirone, 2acetamidophenol, and buspirone
confirmed the identity of these peaks in the incubation sampi€gd-Buspirone and
buspironeN-oxide were identified by comparing the previously published
chromatographic pattefa99] with the one obtained after injectiofa control
incubation sample. The approximate retentiores for 2PP, 2-acetamidophenol,eb
OH-buspirone, 8OH-buspirone, buspirone, and buspirad@xide were 4.2, 12.9, 21.9,
24.1, 25.1, and 26.4 minutes, respectively.higher juice concentrati@n
chromatographic interference was observed for some of the buspirone metabolites.
Consequently, only data forRAP is reported.
2.3.1.4.3Flurbiprofen

Flurbiprofen, 44«OH-flurbiprofen, and naproxen weseparated using a 5 micron,
4.6x 150mm, ThermeElectron BetasH#Cs column. The mobile phase consisted of 55%

20 mM potassium phosphate monobdritfer, adjusted to a pH of 2.2 with phosphoric



acid, and 45% acetonitrile. The flow rate was 1.0 mL/n@@elumn effluent was
monitored with fluorescence @etion. The excitation wavelength was 260 nm and the
emission wavelength was 320 nm. The injection volume wad d40d the total run time
per sample was 20 minutes. Under these conditions, the approximate retention times
were 5.3, 7.6, and 13.4 minstor 240H-flurbiprofen, naproxen, and flurbiprofen,
respectively.
2.3.1.5Analysis of In Vitro Inhibition Data

Reaction velocities with coaddition of inhibitor were expressed as a percentage
ratio versus the corresponding velocity with no inlob{R,). The relationship of Ro
the inhibitor concentratio(l) was analyzed by ndinear regression using the following

equation:

o

R =100° G- E=°1°Q
c [*+I1C* =
Iterated variables wetgay IC, anda. In this equationEnaxrepresentshe maximun
degree of inhibitionlC represents the inhibitor concentration producing a 50% decrease
in R, for a givenEnmax (100Enay, andar e pr esent s a oO0s | gpaked t er m.

was calculated with the following equation:

IC

ICso=— =
¥ (B2

Comparison of I values with and without preincubation was done using a

paired ttest.



2.3.2Clinical Study Proceduresi Study 100Y and Study 100X

2.3.2.10verall Design

saving Tufts Medical Center and Tufts Medical SchoBtudy 100Y investigated the
effect of blueberry juice on CYP3A using buspirone as the probe substrate. Study 100X
examined the effect of blueberry juice on CYP2C9 using flurbiprofen as the probe

substate. Both studiestilized a randomized, thregay crossover desigmwith each trial

Both pharmacokinetics studies were approved by the Institutional Review Board

separated by at least one week

For Study 100Y, the three trials were:

Trial Cotreatment Probe Substrate
1 300 mL Water 10 mg Buspirone BL
2 300 mLOcean Spray00%White Grapefruit 10 mg BuspironéiCL
Juice
3 300 mL Mixed Blueberry Juices 10 mg BuspironéiCL
(50:50mixture ofVa n  DLQORoGsre Wild
Blueberry Juice angnudsenJust Blueberry
Juice
For Study 100X, the three trials were:
Trial Cotreatment Probe Substrate
1 300 mL Water 100 mg Flurbiprofen
2 200 mg Fluconazole with 300 mL &ter 100 mg Flurbiprofen
3 300 mL Mixed Blueberry Juices 100 mg Flurbiprofen

(50:50mixture ofVa n  DLQORoGsre Wild
Blueberry Juice annudsenlust Blueberry
Juice)

afternoon prior to the study day (between 4 and 6 PM) and then the following morning,

30 minutes prior to the administration of the probe substispirone or flurbiprofen

Within each trial, the appropriate catment wasdministered once on the




weregiven at 8 AM with 300 mL of water. The schedule for each study day was as

follows:

Time Procedure
Day prior to index
substrate
4-6 PM Cotreatment
Day of index substrate
7 AM Arrive at study site; Light breakfast
7:15 AM Intravenougatheter placed in forearm vein; giese blood
sample
7:30 AM Coatreatment
8 AM Probe substrateith 300 mL ofwater
8 AM-8 PM Venous blood samples (7 ndach) at 0.5, 1, 1.5, 2, 3, 4, !
6, 8, 10, and 12 hours aftgrobe substrate
12 Noon Lunch provided
5-6 PM Evening meal provided
8 PM Discharge from study unit after final blood sample

Venous blood samples were centrifuged and the plasma transfeardrthb conical
tube. Plasma was then stored2&C until the time of extraction and analysis. All
samples from a given subjectbés set of t
using one set of calibration samples.
2.3.2.2Subjects

Subjects were initially recruited by advertising and/or waiagnouth. After a
telephone screening interviemotential participants visited the study center for an onsite
screening and evaluation. After providing written informed consent, subjects underwent
a medical history screening, physical examination, blood hematatwyghemistry
testing, and scredng for hepatitidB, C,and HIV. Women of reproductive age were also
given a pregnancy test. Volunteers were accepted as study participants if the screening

procedures indicated that they were healthy active adultswritmy significant medical



disease that would make their participation unsafe. Participants could also not be taking
anymedications in order faznrollmentinto the study

The demographic characteristics of the study volunteers are providiatla21.
Nine males and 3 females participated in Study 100Y. They ranged in age from 22 to 54
years. The dkidentified ethnicity profilewas 9 Caucasians, 2 Asians, and 1 Hispanic.
For Study 100X, volunteers ranged in age from 19 to 54 years. Thisatsodgnrolled 9
males and 3 females, of which 8 were Caucasian, 2 were Asian, 1 was Hispanic, and 1

was AfricarAmerican.



Table 2.2 Demogaphic Characteristics of Participants in Studies 100Y and 100X

Subject I.D. | Race/Ethnicity Sex Age | Height (in) | Weight (Ibs)
100Y-01 Caucasian M 42 71 205
100Y-02 Caucasian F 24 64 115
100Y-03 Caucasian M 33 68 150
100Y-04 Caucasian M 54 70 150
100Y-05 Caucasian M 48 68 150
100Y-06 Caucasian F 22 67 128
100Y-07 Asian M 24 71 165
100Y-08 Caucasian F 27 65 165
100Y-09 Caucasian M 49 74 185
100Y-10 Caucasian M 44 75 210
100Y-11 Hispanic M 27 67 152
100Y-12 Asian M 25 71 167

Subject I.D. | Race/Ethnicity Sex Age | Height (in) | Weight (Ibs)
100X-01 Caucasian M 54 70 150
100X-02 Caucasian M 48 68 150
100X-03 Hispanic M 27 67 152
100X-04 Caucasian M 49 74 185
100X-05 Caucasian M 48 75 150
100X-06 Asian M 27 69 170
100X-07 Asian M 24 71 165
100X-08 African-American F 35 66 146
100X-09 Caucasian F 29 70 150
100X-10 Caucasian F 53 64 130
100X-11 Caucasian M 33 68 150
100%-12 Caucasian M 19 70 140

2.3.2.3 Sample Size Determination

The primary outcome measumasthe total area under the plasma concentration
time curve (AUC) for the probe substratbuspirone for CYP3A, flurbiprofen for
CYP2C9. A change in BC of 35% was considered to be clinically significant. Based
on prior experience with drudrug interaction studies, the relative standard deviation of

the mean difference in AUC is estimated to be 40% of the mean difference itself. Under



these conditios, a sample size of 12 allows power of 0.80 witlqual t00.05 for each
pharmacokinetic study.
2.3.2.4Measurement of Buspirone Concentrations in Plasma Samples (Study 100Y)

Stock solutions of buspirone and the internal standgtouspirone, were
prepared in methanol @hfurther diluted as necessargtock solutions were stored at
minus D°C until use. The extraction protocol was adapted from a published method
[228].

For the calibration samples, 2.5 ng gftadispirone was added to a series of tubes
containing buspirone in quantities ranging from 0.0125 ng to 10 ng. The solvent was
evaporated to dryness under mild vacuum. Eirag control serum (bovine serum, 0.5
mL) was added to the calibration samplesud8tsample plasma (0.5 mL) was added to
tubes containing only the internal standard. Calibration standards and study samples
were alkalinized by adding 5@ of 0.1 Msodium carbonate buffer. Buspirone agd d
buspirone were extracted with 1.5 mL of metteyt-butyl ether. Samples were vortexed
for 5 minutes and the phases were separated by centrifugation. Samples were placed at
80°C for 30 minutes to freeze the aqueous layer. The organic layer was removed and
evaporated to dryness under mild vacuurhe residue was reconstituted inj90f
0.1% formic acid in water and transferred to an autosampling vial for analysis. All
samples for a given subjectds trials were

An HPLC-MS/MS method for determining plam buspirone samples was
developed using an Applied Biosystems API3000 instrument equipped with a turbo
electrospray ionization source operated in positive ion mode. The method was adapted

from one published previous|228]. The relevant gas values were the following:



nebulizer gas, 10 psi; curtain gas, 12 psi; and collision gas, 7 psi. The ion spray voltage
was 5000 V and the source temperature was’@00The parameters for buspirone and
ds-buspirone were theflowing: declustering potential, 26.0 V; focusing potential, 370.0
V; entrance potential, 10.5 V; collision energy, 43.0 V; and collision cell exit potential,
2.0 V. Multiple reaction monitoring was conducted usimgtransitions of 38@, 122
for buspione and 394, 122 for @-buspirone.

The analytic column @as a 4 micron Phenomen&00x 150mm, Synergi
Fusion RP 80A. Mobile phase A consisted of 0.1% formic acid in water and mobile

phase B was acetonitrile. The following gradient was employedatsiant flow rate of

0.300 mL/min:
Time 0.1% Formic Acid in Water | Acetonitrile
(min) (%) (%)
0 75 25
2 75 25
6 10 90
6.1 75 25
11 75 25

The injection volume was 1. Buspirone and gbuspione ceeluted at approximately
3.5minutes.

The recovey of buspirone andgbuspirone wasletermined by comparing peak
areas obtained after extraction with those measured from unextracted samples of the same
concentration. The percent recovery of buspirone exceeded 95% at the three
concentrations examinéd0.1, 1, and 20 ng/mL which is in agreement with the results
from the published methd@28]. At 5 ng/mL, recovery ofgdbuspirone was essentially

100%.



The intraday accura@nd precision of the method weteéermined by subjecting
6 independent samples to the extraction protocol for each standard curve concéntration
Table 2.2 The interday accuracy and precision reflect the results obtained from the 10

standard curves run alongside samples from clinicdlystubjects on 10 different days.

Table 2.2: Intra- and Interday Precision and Accuracy for the Buspirone Method

INTRADAY INTERDAY
Buspirone Conc. Precision Accuracy Precision Accuracy
(ng/mL) (CV, %) (% of Actual) (CV, %) (% of Actual)

0.025 16.7 116 7.2 108
0.05 14.3 110 6.7 106
0.1 5.6 104 4.0 103
0.25 10.7 95.3 2.4 95.8
0.5 3.5 92.1 2.2 97.7

1 3.4 98.7 2.2 98.9
2.5 6.3 91.7 4.1 954

5 2.8 915 2.8 94.5

10 3.3 97.6 2.9 97.4
20 1.3 105 2.1 101

Quiality control(QC) samples were also anagdwith each analytical runThe
concentrations studied were 0.2 and 2 ng/mL. The m&id (n=10) measured
concentrations were 0.230.03 and 2.1 + 0.07 ng/mL. The mean (n=10) slope of the
standard curve was 0.3674 with a coefficient of variatic?. 2.

Based on these results, the lower limit of quantification for the assay was 0.025
ng/mL. Measured concentrations less than this value were assigales &f zero for

purposes of calculating mean concentrations at corresponding times.



2.3.25 Measurement of BOH-Flurbiprofenand FlurbiprofenConcentrations in Plasma
SamplegStudy 100X)

Concentrations of flurbiprofeand its principal metabolite @®H-flurbiprofen,
were measured using a previously reported mefth®d 208] Stock solutions ofdOH-
flurbiprofen, flurbiprofen, and the internal standard, naproxen, were prepared in methanol
and stored a20°C until use.

Increasing amounts o®H-flurbiprofen (2.5200 ng) and flurbiprofen (0.64
Hg) were added to series of tubes to create a calibration curve. TwBwey
micrograms of naproxewerealso added to both calibration tubes and subject sample
tubes. The solvent was removed under vacuum prior to the addition pf @0Bovine
serum (calibration samgs) or study subject plasma. Samples were acidified by adding
200pl of 2.5 M phosphoric acid in water. Analytes were extracted with 2.5 mL of a
hexanes:isoamyl alcohol (98.5:1.5) mixture. Tubes were vortex mixed for 5 minutes,
followed by separation dhe phases with centrifugation (10 minutes). The aqueous layer
was frozen by placing the samples&®°C for 30 minutes. The organic layer was
transferred to a test tube and the solvent removed under vacuum. Samples were
resuspended in 156 of HPLC mobile phase and transferred to an autosampling vial for
anal ysi s. All samples for a given subject
day.

The HPLC mobile phase was 65% 20 mM phosphate buffer (pH=3.0, after
addition of phosphoric acidnd 35% acetonitrile delivered at a flow rate of 1.2 mL/min.
The analytical column was a 3.9 x 150 mm, Waters NealkaCs. Column effluent was

monitored via fluorescence detection at an excitation wavelength of 260 nm and an



emission wavelength of 320m. Under these conditions, the retentions timesdQi#
flurbiprofen, naproxen, and flurbiprofen were 3.7, 7, and 17 minutes, respectively.
Quiality control samples were analyzed with each analytical run. dexid4
flurbiprofen, the QC concentrations were 0.08 andu@/@L. For flurbiprofen, the
concentations analyzed were 0.75 and d@mL. The mear SD (n=12) measured QC
concentrations for@OH-flurbiprofen were 0.02 0.03 and 0.84 0.15 g/mL. The
analogous values for flurbiprofen were 0£8.12 and 7.64 + 1.24gmL.
2.3.2.6Measurement dfluconazole Concentrations in Plasma Samples (Study 100X)
Stock concentrations of fluconazole and the internal standard, phenacetin, were
prepared in methanol, further diluted as appropriate, and stor2@ @tuntil use.
A standard curve was preparegdilding increasing concentrations of
fluconazole to a series of test tubes. The internal standard was added to both calibration
tubes and clinical sample tubes. After the evaporation of solvent under vacuum and the
addition of 0.5 mL bovine serum, thadil concentrations of fluconazole used to generate
the standard curve were 0.1, 0.2, 0.5, 1, 2, 5, 10 apg/b8.. The final concentration
of phenacetin was jag/mL.
Fluconazole and phenacetin were extracted with 1.5 mL of methyduyit
ether. Tihes were vortexnixed for 5 minutes and centrifuged for 10 minutes to separate
the phases. Tubes were placeeB&tC for 30 minutes to freeze the aqueous layer. The
organic layer was removed, transferred to a microcentrifuge tube, and the solvent
evapoated under vacuum. The residue was resuspended i d6obile phase.

Becausef limited plasma volume, study subject samples were not assayed in duplicate.



The HPLGUV method for measuring fluconazole has been repgredously

[186]. The column was &.6x 250mm, 10 micron Phenomenex Luna C18(2) 100A.

The analysis was conducted under isocratic conditions at a flow rate of 1.25 mL/min.

The mobile phase composition was 65% 10 mM sodium acetate, adjustegiacial

acetic acid to a pH of 5.0, and 35% methanol. Fluconazole and phenacetin were detected
with ultraviolet detection at a wavelength of 210 nm. Under these conditions,

fluconazole eluted at 9.6 minutes and phenacetin eluted at 17.1 minugmjethon

volume was set to 30.

An intraday precision test using 6 replicate samples at 0.1, 1, guogirhh
fluconazole resulted in coefficients of variation of 4.8, 1.1, and 0.93%, respectively. The
analogous accuracy values were 113, 100, 88&clof actual. Based on these results
and those reported previou$hyB6], the sensitivity limit of the assay was set at 0.1
pg/mL.

Quiality control samples were prepared at 0.75 an@dg@/fsL. Across three
analyti@al runs, the mean measured QC concentrations were 0.75 angy/hi3 with
coefficients of variation less than 2%. The CV values for the standard curve
concentrations wer®@11%.
2.3.2.7Pharmacokinetic Analysis

Noncompartmental methods were used for pharmacokinetic analysis. Individual
study participant plasma concentratiime data were plotted for each trial. The terminal
log-linear phase of eagtilasma concentratietime curve (buspirone or flurbiprofen) was
identified visually and the slop®&)(determined by leastquares linear regression. The

elimination halflife (t1,2) was calculated by dividing the natural log of 2fby The aea



under the plasma concentratibme curve from time zero until the last nparo
concentration was calculated by the linear trapezoidal method and extrapolafedtyo
by addition of the quotient equal to the final concentration dividefd bypparent oral
clearance (CL/F) was aallated by dividing the administered dagehe probe substrate
T 9.1 mg buspirone and 100 mg, flurbiproférby AUCy.5. Observed maximum plasma
concentration (Gay and the time of this concentration,£f) were identified directly
from the concentratin-time data.
2.3.2.8Statistical Analysis

The primary statistical proceduneasa oneway analysis of variance (ANOVA)
for repeated measurtes f ol | owed by Dunnettds test as aj
versus Trial 1). Ratios of individual values @f.xand AUG.p 1 Trial 2 / Trial 1 and
Trial 3/ Trial 17 were alsadetermined. The arithmetic mean, standard deviation,

geometric mean and 90% confidence intervals were calculated for these ratios.

2.3.3 Analysis of Juice Samples Used in the Clinical Trials
2.3.3.1Anthocyanin Content @&lueberry Juicesamples

On each study day in which blueberry juice was the administered cotreatment, a
20 mL aliquot of each juice was taken and store@@(C.

The anthocyanin content of tkemudserandV a n  [biudbérry juice was
determined using a previously reported metfg®]. A 1000ug/mL solution of
cyanidin3-glucoside chloride was prepared by dissolvimgg@of the pure powder in 2

mL of 5% formic acid in water. This solution was serially diluted with 5% formic acid in



water to yield 13 calibration standards containing concentrations of cy@glutoside
from 927 to 0.23ug/mL.
For Knudserbrand juicesamples, a 20(l aliquot of juice was directly added to
an HPLC autosampling vial for analysig.a n  Dujck sammples (100l) were diluted
with 100pl 5% formic acid in water prior to analysis. The injection volume wasl 25
The analytical column as a 5 micron, 4.6 x 250 mm, Agilent Zorbax-Gg.
The two mobiles phases were 5% formic acid in water and methanol. The flow rate was

1.0 mL/min. Separation of anthocyanins was achieved using the following gradient:

Time (min) | % Methanol
0-2 5
2-10 5A 20

10-15 20
15-30 20A 25
30-35 25
3550 25A 33
50-55 33
55-65 33A 36
65-70 36A 45
70-75 45A 53
75-80 53A 55
80-84 55A 70
84-88 70A 5
88-90 5

Column effluent was monitored at 520 nm. Identification of individual
anthocyanins wadone by comparing the retention times with those reported previously
[229].
2.3.3.2Total PhenolicContentof Blueberry Juices

The total phenlac content of the blueberry juice samples was determined using
the method of Singleton and Rof&80, 231] Juice samples were diluted 1:10 with

Millipore-filtered water before amgsis. A calibration curve was generated using gallic



acid dissolved in water. The concentrations used were 1000, 500, 400, 300, 250, 200,
125, and 62.5ig/mL. A 50ul aliquot of each sampliecalibrationstandardr blueberry
juiceT wasadded to a 2 immicrocentrifuge tube. Water (846) and the Folin
Ciocalteu phenol reagent (ph were added and each tube was vortexed. After 5
minutes, 225l of 20% sodium carbonate in water was added to each tube. After mixing,
the volume was brought to 1.5 nbly the addition of 28%1l of water. Tubes were
vortexed and allowed to stand at room temperature, in the dark, for 2 hours. A 1 mL
aliquot of each sample was transferred to a cuvette arabfogbance measured at 765
nm. All samples were analyzed ingicate.
2.3.3.3Measurement of Furanocoumarins in Grapefruit &uic

On each study day in which grapefruit juice was the cotreatment, a 20 mL aliquot
of juice was taken and stored-80°C. The furanocoumarin content in these samples
(n=12)was determinetly HPLC as described previouglhys55]. These analyses were
performed by Drs. Paul Cancalon and Carl Haun at the Florida Department of Citrus.
2.3.3.4Determination of In Vitro Inhibitory Variability in Clinical Juice Samples

Prior work has demonstrated a significant degree of variabilityerilavonoid
and furanocoumarioontent of grapefruit juice samplgb4, 155] It was anticipated
that the blueberry juice samples would exh#ébgimilar degree of variability in their
phytochemical contentThis lack of standardization is a concern when conducting
research with natural products. Consequently, in addition to analyzing the juice samples
for concentrations of specific constitugntinical juice samples were testedvitro for
theirinhibitory potencytoward CYP These bioassays provided a qualitative means to

assess the uniformity of the juices used throughout each clinical study.



These assays were conductxdctlyas describg above for the 16 experiments.
However,pooled human liver microsomes (final concentration, 0.2 mg/mL) were
prepared by combining the foundividual preparations used in theso experiments.

Juices were tested at two concentrations. For CYP3Aefitapjuice,V a n  byakdd s
blueberry juice, an&nudserbrand blueberry juice were tested at concentrations of 0.75
and 1.5% (v/v) of incubation volume. For CYP2@9a n [byakddlseberry juice

was tested at 0.75 and 1.5%, wikleudserbrand juicewas tested at 1.5 and 3%%All

assays were conducted in duplicate.



2.4RESULTS
2.4.11n Vitro Inhibition of CYP Activity by Blueberry J uice
2.4.1.1 CYP3A

Two brands of blueberry juice were tested for their ability to inlvibvitro
CYP3A activity. O brand of juice was made from lowbush blueberiea(h Dy k 0 s
while the other was made from the highbush variety of betfiesdse). A 50:50
mixture of the two juices was also examined. Given the wide range of substrates
metabolized by CYP3A, it hasbn suggestdthatsubstrate from more thaone
structural classhould be examined when conductingitro inhibition assay$232].
Consequentlythe effects of blueberry juice dhe hydroxylation of triazolam to-OH-
triazolam and 4H-triazolam andon the dealkylation of bspirone tal-
pyrimidinylpiperazing1-PP)were investigated.

TheV a n  Dowkudhsbrand of juice exhibited concentratogpendent
inhibition of CYP3A activity (Figure 2.1 and Table 2.3). For all three metabolites, the
ICs0 value was approximately P2 of the incubation volume without preincubation.
Preincubation of the microsomes with the juice for 20 minutes prior to the addition of
substrateaused a slight reduction in thes¢@alues to 1%. However, this change was
not statistically significan{Table 2.3).

While theKnudserhighbush brand of juice also inhibited CYP3A activity, its
potency was markedly lower than tilea n  Dbyakd®fSjuicd Figure 2.2 and Table
2.3. Without preincubation, the d@values for all three metabolites were ~ 1.9%hese
values were slightly reduced to 116/% with preincubation. The increase in potency

was not statistically significaritTable 2.3.



Analogous assays conducted with the 50:50 mixture of juices revealedhl@es
that were between those obserwdten the juices were tested individually (Figure 2.3
and Table 2.3). The blueberry juice mixture inhibie@H-triazolam and 4H-
triazolam formation with Igs of 1.41 and 1.33%, respectively. With preincubation,
these values were reduced to 1.16 a08%. ForJ-OH-triazolam, the effect of
preincubation was statistically significant (Table 2.3). Buspirone dealklyation was
inhibited with an 1G, of 1.43%, which was virtually unchanged by preincubaition
1.48%.

One brand of 100% white grapefruit juig@cean Spraywas also tested as a
positive control inhibitor of CYP3A. As anticipated, triazolam hydroxylation was
reduced in the presence of grapefruit juidegure 2.4 and Table 2.4Jnlike the
blueberry juices, the effect of preincubation was m@yrkeducing 1Gss from 1.5% to
0.8%. Interestingly, grapfeuit juice was not as potent a mechanisasednhibitor of 1-
PP formatiori ICspvalues without and with preincubation of 1.31 and 1%, respectively.
Nevertheless, the effect of preincubation wistically significant for all three

metabolites.
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Figure 2.1: Inhibition of
CYPS3A activity by Van
Dy kbdusberry juice.
The index reactions
studied were triazolam
hydroxylation (top and
middle panels) and
buspirone dealkylation
(bottom panel). Assays
were conducted without
(filled circles, solid lines)
and with preincubation
(open circles, dashed
lines). Each point is the
meant SE (n=4) reaction
velocity expressed as a
percentage ratio versus th
inhibitor-free control. IGg
values were determined b
norlinear regression.
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Figure 2.2 Inhibition of
CYP3A activity by
Knudsenblueberry juice.
The index reactions
studied were triazolam
hydroxylation (top and
middle panels) and
buspirone dealkylation
(bottom panel). Assays
were conducted without
(filled circles, solid lins)
and with preincubation
(open circles, dashed
lines). Each point is the
meant SE (n=4) reaction
velocity expressed as a
percentage ratio versus th
inhibitor-free control. 1Gg
values were determined b
norlinear regression.
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Figure 2.3 Inhibition of
CYP3A activity by a
50:50 mixture of Van

Dy kandKnudsen
blueberry juices. The
index reactions studied
were triazolam
hydroxylation (top and
middle panels) and
buspirone dealkylation
(bottom panel). Assays
were conducted without
(filled circles, sald lines)
and with preincubation
(open circles, dashed
lines). Each pointis the
meant SE (n=4) reaction
velocity expressed as a
percentage ratio versus th
inhibitor-free control. 1Gg
values were determined b
nonlinear regression.
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Figure 2.4 Inhibition of
CYP3A activity by
grapefruit juice. The
index reactions studied
were triazolam
hydroxylation (top and
middle panels) and
buspirone dealkylation
(bottom panel). Assays
were conducted without
(filled circles, solid lines)
and with preincubation
(open circles, dashed
lines). Each point is the
meant SE (n=4) reaction
velocity expressed as a
percentage ratio versus th
inhibitor-free control. 1Gg
values were determined b
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Table 2.3 ICso Values for Blueberry Juice Inhibition of CYP3A and CYP2C9

ICso Value (percent of incubation volume)
Van Dykédés J Knudsen Juice 50:50 Mixture of Juices

Without With Without With Without With
Preincubation | preincubation | Preincubation | preincubation | Preincubation | preincubation

Triazolam (CYP3A)
T o -OBl-triazolam

Mean (xSE) 1.20 (x0.05) 1.00 (x£0.06) 1.93 (x0.17) 1.70 (£0.15) | 1.39 (x0.07)* | 1.17 (x0.07)*
Aggregate 1.19 1.00 1.92 1.68 1.41 1.16
To 4-OH-triazolam
Mean (xSE) 1.16 (x0.05) 0.92 (£0.04) 1.89 (+£0.24) 1.60 (x0.17) 1.27 (£0.09) 1.05 (+£0.05)
Aggregate 1.17 0.93 1.87 1.59 1.33 1.05
Buspirone (CYP3A)
To 1-PP
Mean (xSE) 1.20 (x0.13) 1.06 (+£0.06) 1.90 (x£0.24) 1.76 (£0.14) 1.45 (£0.16) 1.49 (£0.12)
Aggregate 1.18 1.05 1.87 1.75 1.43 1.48

Flurbiprofen (CYP2C9)

To 4aOH-flurbiprofen
Mean (+SE) 1.19 (£0.17) 1.17 (£0.13) | 2.62 (x0.22)* | 2.35 (x0.15)* | 1.58 (+0.15) 1.60 (£0.17)
Aggregate 1.14 1.15 2.60 2.39 1.57 1.57

Mean values were determined from the individuabMalues calculated frorme four liver samples. Aggregatesi€ were
calculated from data constructed by averaging the reaction velocities for each concentration of juice dotwds/éne
samples. * denotes¥0.05 for comparison of mean values without and with preincub§paired test).



2.4.1.2 CYP2C9

All three blueberry juice preparations were capable of inhibiting flurbiprofen
hydroxylation, an index reaction for CYP2C%igure 2.5 and Table 2.3. Similar to
what was observed for CYP3A, thea n  Dbyakddfguce (ICso = 1.14%)was a more
potent inhibitor than thEnudserbrand(ICso = 2.6%). Likewise, the inhibitory potency
of the 50:50 mixture of the juices was between the individual juice valligs value of
1.57%. Inhibition curves with preincubatiorere nearly superimposable to those
obtained without preincubation. However, the effect of preincubation was statistically
significant for theKnudserbrand of juicé Table 2.3 In light of the fact that the I§5
value for this brand of juice was clogethe highest concentration tested (3%), the
statistical significancenight bean experimentadrtifact caused by the lack of higher
juuce concentrations in the assalpurthemor@ anchor
the effect of preincubation more than likely not biologically significant.

The positive contrahhibitor for the CYP2C9 assayas the azole antifungal,
fluconazole. Without preincubation, fluconazole inhibite#-flurbiprofen formation
with an 1G;, of 20uM. Inhibitory potency was slightly, but sigicantly, reduced by a
20 minute preincubation period of microsomes with fluconazole prior to the addition of

flurbiprofen (IGo = 14uM) i Figure 2.6 and Table2
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Figure 2.5 Inhibition of
CYP2C9activity by
blueberry juice
preparations. Top panel:
Van Duck Misldle
panel:Knudserjuice.
Bottom panel: 50:50
mixture ofV a n  Dapdk
Knudseruices. Assays
were conducted without
(filled circles, solid lines)
and with preincubation
(open circles, dashed
lines). Each point is the
meant SE (n=4) reaction
velocity expressed as a
percentage ratio versus th
inhibitor-free control. 1Gg
values were determined b
norlinear regression.




