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'7'-Dihydroxybergamottin contributes to
he grapefruit juice effect

Objective: Our objective was to assess the contribution of 6',7'-dihydroxybergamottin (DHB) to the inhib-
itory effect of grapefruit juice toward intestinal cytochrome P450 (CYP) 3A4.
Methods: An aqueous extract was prepared from grapefruit juice by centrifugation, filtration, and repeated
washing of the particulate with water. The concentrations of various furanocoumarins in this grapefruit juice
“serum” and in whole grapefruit juice were measured by HPLC and their identities confirmed by liquid
chromatography–tandem mass spectrometry. Five healthy volunteers were given a single tablet of felodipine
(10 mg) with whole grapefruit juice, orange juice–containing serum, or plain orange juice (control). The
pharmacokinetic outcomes of felodipine were evaluated by noncompartmental methods. The effects of serum
and purified DHB (at the same concentrations as those measured in the orange juice–containing serum used
in the clinical study) were compared, in vitro, with regard to (1) the reversible and mechanism-based
inhibition of the catalytic activity of complementary deoxyribonucleic acid–expressed CYP3A4 and (2) the
time-dependent loss of immunoreactive CYP3A4 protein in modified Caco-2 cells.
Results: The concentration of DHB in serum was comparable to that measured in whole grapefruit juice (38
�mol/L versus 43 �mol/L), and the concentrations of other known furanocoumarins were well below the
lowest published concentration required to inhibit catalytic activity by 50%. Relative to plain orange juice,
orange juice–containing serum significantly increased the median felodipine area under the plasma concen-
tration–time curve by 1.9-fold (P � .04) and increased the maximum concentration by 1.7-fold (P � .01). In
vitro, serum and purified DHB had similar inhibitory effects toward CYP3A4 activity with respect to both
reversible inhibition (95% confidence interval, 85% � 5.7% and 75% � 4.5%, respectively) and mechanism-
based inhibition after a 15-minute preincubation (95% confidence interval, 79% � 6.8% and 78% � 5.7%,
respectively). In Caco-2 cells the time-averaged extents of CYP3A4 protein loss caused by serum and purified
DHB were identical (43%).
Conclusion: The interaction between grapefruit juice serum and felodipine can be attributed largely to DHB.
This establishes DHB as an important contributor to the grapefruit juice effect. (Clin Pharmacol Ther 2004;
75:569-79.)
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he considerable increase in the systemic exposur
umber of cytochrome P450 (CYP) 3A4 drug s
trates after oral administration with grapefruit ju
as been well documented.1 The primary mechanis
nderlying this “grapefruit juice effect” appears to

nhibition of CYP3A4-mediated metabolism in the e
thelial cells lining the small intestinal mucosa (ente
ytes). A rapid reduction in enterocyte CYP3A4 pro
ontent also occurs, which has been proposed to r
ccelerated intracellular degradation of the enzym

er mechanism-based inactivation.2 A minor contribu-
ion by hepatic CYP3A4 to the grapefruit juice effec
upported by a lack of effect of the juice on the dis
ition of several intravenously administered CYP3

1,2
ubstrates and on the erythromycin breath test.Much
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esearch has been devoted to the identification of the
ctive ingredients responsible for the grapefruit juice
ffect. Such knowledge not only would allow the pre-
iction of other foods that might produce this type of
ood-drug interaction but may also have commercial
pplications. For example, by use of separation tech-
iques or genetic engineering, it may be possible to
emove the active ingredients from the juice to elimi-
ate drug interaction potential. In addition, it may be
ossible to add purified forms of these components to
rug formulations of certain CYP3A4 substrates to
mprove oral bioavailability and to reduce the interin-
ividual and intraindividual variation in oral bioavail-
bility.

Although grapefruit juice contains a number of di-
erse components, accumulating evidence indicates
hat furanocoumarins are important CYP3A4
nhibitors.3-7 Accordingly, furanocoumarins have been
roposed as the primary components responsible for
rapefruit juice–drug interactions. The 2 most abun-
ant furanocoumarins present in the juice are berga-
ottin and 6',7'-dihydroxybergamottin (DHB). Berga-
ottin is the “parent” furanocoumarin and has been

hown to be both a reversible and a mechanism-based
nhibitor of CYP3A4.5,6 DHB, as its name implies, is a
ihydroxy derivative of bergamottin and has also been
hown to be a reversible and mechanism-based inhibi-
or of the enzyme.3,6,8 An ether dimer of 2 DHB mol-
cules, termed GFI-14,7 (or FC7268), and an ether
imer of a bergamottin and a DHB molecule, termed
FI-4,4,7 represent 2 other furanocoumarins in the

uice. Although these dimers are generally present at
uch lower concentrations relative to the parent com-

ounds (�0.1-0.6 �mol/L versus 1-40 �mol/L),7 they
ppear to be considerably more potent CYP3A4 inhib-
tors compared with bergamottin or DHB.4,6,7 The con-
entrations of these furanocoumarins vary considerably
mong different brands of juice (and also among dif-
erent lots of the same brand),7-9 which could account
n part for the variable response observed between
ifferent grapefruit juice–drug interaction studies.

Because clinical grade preparations of the various
uranocoumarins are not yet available for administra-
ion to humans, it has not been possible to directly test
heir roles in the grapefruit juice effect. However, juice
repared from the Seville (sour) orange also contains
ergamottin, DHB, and furanocoumarin dimers at con-
entrations in the range of those measured in grapefruit
uice.7,10 Seville orange juice increased the average
rea under the plasma concentration–time curve (AUC)
nd maximal plasma concentration (Cmax) of the

YP3A4 probe substrate felodipine to extents compa- t
able to those observed with grapefruit juice.10 Like-
ise, Seville orange juice reduced enterocyte CYP3A4
rotein levels in healthy volunteers.11

Although the studies with Seville orange juice, com-
ined with the extensive in vitro studies, support roles
or furanocoumarins in the grapefruit juice effect, the
elative contribution of each furanocoumarin remains
nclear. In the one clinical study to date that attempted
o address this issue, grapefruit juice was centrifuged
nd filtered and the supernatant and particulate were
ollected.12 Both the supernatant and particulate frac-
ions significantly increased the average AUC and Cmax

f felodipine relative to water; moreover, the effect of
he particulate was significantly greater than that of the
queous supernatant. Because the concentration of
HB was 3-fold higher in the supernatant compared
ith the particulate (20 �mol/L versus 7 �mol/L), the

nvestigators concluded that DHB was not a major
ctive ingredient. However, this assumes active com-
onents other than DHB were present in the superna-
ant. This may not be the case, as DHB is much more
ater-soluble compared with bergamottin and the
imers, which likely remained in the particulate frac-
ion. Consistent with this notion, the investigators com-
ented that preliminary studies indicated that berga-
ottin was only detectable in the particulate (the

imers were not measured). The concentration of DHB
n the particulate fraction also greatly exceeded its
owest published median inhibitory concentration
IC50) for CYP3A4 (0.3 �mol/L).13 It is, therefore,
ossible that DHB largely accounted for the effect of
he supernatant and also contributed to the effect of the
articulate fraction.
On the basis of the aforementioned observations, we

easoned that a major role for DHB could be estab-
ished if DHB was demonstrated to be the primary
ctive ingredient in an aqueous extract of grapefruit
uice. We prepared such an extract (termed serum),
hich contained DHB at a concentration comparable to

hat in whole grapefruit juice but contained bergamottin
nd the dimers at concentrations well below their re-
pective IC50 values, and we confirmed that this serum
roduced a significant interaction with felodipine in
ealthy volunteers. This serum was further demon-
trated to inhibit catalytic activity in complementary
eoxyribonucleic acid (cDNA)–expressed CYP3A4
nd to reduce CYP3A4 immunoreactive protein in
odified Caco-2 cells. These effects were essentially

eproduced by purified DHB at the concentration
resent in serum. The results indicate that DHB con-

ributes to the grapefruit juice effect.



M

c
o
l
F
m
b
c
(
o
t
l
w
f
m
(
f
D
c
p
H
d
c
c
a
1
d
r
w
Z
c
L
g

g
a
w
2
a
s
t
w
s
p
d
w
s
r
l
s
s

d
T
S
f
1
c
o
q
s
e
c
2

p
f
o
1
n
c
d
w
g
w
c

r
e
s
O
N
u
t
u
2
c
w
b
(
w
a
c
s
c
T
q
d
�

s
s
P

CLINICAL PHARMACOLOGY & THERAPEUTICS
2004;75(6):569-79 DHB contributes to grapefruit juice effect 571
ETHODS
Materials and chemicals. Kroger-brand frozen con-

entrated white grapefruit juice (lot No. 0295720) and
range juice (lot No. C0328) were purchased from a
ocal grocery store. DHB was a kind gift from the
lorida Department of Citrus (Lakeland, Fla). Berga-
ottin was purchased from Indofine Chemicals (Hills-

orough, NJ). 7-Benzyloxy-4-(trifluoromethyl)-
oumarin (BFC) and cDNA-expressed CYP3A4
Supersomes), supplemented with cytochrome b5, were
btained from BD Gentest (Woburn, Mass). Cell cul-
ure inserts with track-etched polyethylene terephtha-
ate membranes (1-�m pore size) and murine laminin
ere purchased from Becton Dickinson Labware (Bed-

ord, Mass). Dulbecco’s modified Eagle’s medium and
edium supplements were purchased from Invitrogen

Carlsbad, Calif). Fetal bovine serum was purchased
rom Hyclone Laboratories (Logan, Utah). 1�,25-
ihydroxyvitamin D3 [1�,25-(OH)2-D3] was pur-

hased from Biomol (Plymouth Meeting, Pa). Com-
lete Mini protease inhibitor was purchased from
offmann-La Roche Inc (Nutley, NJ). Polyvinylidene
ifluoride membranes and enhanced chemilumines-
ence reagents were obtained from Amersham Pharma-
ia Biotech (Piscatway, NJ). A murine monoclonal
ntibody that recognizes all human CYP3A isoforms,
3-7-10, was a gift from Dr Pierre Kremers (Universite
e Liege, Liege, Belgium). The secondary antibody,
abbit antimouse immunoglobulin G/A/M conjugated
ith horseradish peroxidase, was purchased from
ymed Laboratories (San Francisco, Calif). All other
hemicals were obtained from Sigma-Aldrich (St
ouis, Mo) and were of tissue culture or electrophoresis
rade where appropriate.
Preparation of grapefruit juice serum. Frozen

rapefruit juice concentrate (354 mL/can) was thawed
nd suspended in 1100 mL of water. The suspension
as shaken for 15 minutes and then centrifuged at
500g for 20 minutes. The supernatant was decanted,
nd the pellet was resuspended in 600 mL of water. The
uspension was again shaken for 15 minutes and cen-
rifuged (2500g), and the supernatant was combined
ith the first. The pellet was kept on ice. The combined

upernatant was filtered through Whatman No. 1 filter
aper (Whatman plc, Maidstone, Kent, United King-
om) to remove any residual particulate. The filtrate
as lyophilized and designated as the water-soluble

erum. The pellet was washed with 600 mL of water to
emove any residual hydrophilic components. The pel-
et was then resuspended in 600 mL of ethanol, and the
uspension was shaken for 1 hour and centrifuged. The

upernatant was filtered, and ethanol was removed un- b
er a stream of nitrogen over a warm water bath (37°C).
his extract was designated as the lipid-soluble pulp.
erum and pulp residues prepared from each can of
rozen grapefruit juice concentrate were suspended in
100 mL of orange juice (prepared from frozen con-
entrate and containing 5% ethanol to ensure solubility
f the active components), divided into 240-mL ali-
uots, and stored at �20°C. For the in vitro studies,
erum and pulp residues prepared from one can were
ach suspended in 1.1 mL of ethanol to yield 1000-fold
oncentrated solutions relative to the juices stored in
40-mL aliquots.
HPLC analysis of grapefruit juice, serum, and

ulp. To extract furanocoumarins from whole grape-
ruit juice, 100 mL of chloroform was added to 50 mL
f reconstituted juice (354 mL of thawed concentrate in
100 mL of water), and the mixture was shaken over-
ight. After centrifugation (1000g for 10 minutes), the
hloroform phase was saved and the extraction proce-
ure repeated. The chloroform phase was combined
ith the first phase and evaporated to dryness under a
entle stream of nitrogen on an ice bath, and the residue
as suspended in 0.5 mL of ethanol (to yield a 100-fold

oncentrated solution).
Ten microliters each of whole grapefruit juice (chlo-

oform extract), serum (water extract), or pulp (ethanol
xtract) was analyzed with an Agilent 1100 HPLC
ystem (Palo Alto, Calif) connected to a YMC J’sphere
DS-M80 C18 column (4.6 � 150 mm) (Wilmington,
C). The following water and acetonitrile gradient was
sed at a flow rate of 1 mL/min (time/percent acetoni-
rile): 0:10, 5:10, 30:80, 35:80, 45:10, and 50:10. The
ltraviolet absorbance of the eluate was recorded from
25 to 400 nm to obtain an absorption spectrum that
ould be compared with previously published maximal
avelengths (�max). Furanocoumarins were identified
y both their electronic absorption and mass spectra
see under Identification of Furanocoumarin Peaks) and
ere quantified on the basis of standard curves of

uthentic bergamottin and DHB (�max, 310 nm). Be-
ause GFI-1 and GFI-4 have electronic absorption
pectra similar to that of DHB, their extinction coeffi-
ients were assumed to be the same as that for DHB.
he concentrations of GFI-1 and GFI-4 were, therefore,
uantified with the use of DHB as the reference stan-
ard. The lower limit of quantification was 0.01
mol/L.
Identification of furanocoumarin peaks. The as-

ignment of the relevant peaks was confirmed by mass
pectrometric analysis. A Finnigan LCQDECA (West
alm Beach, Fla) ion trap mass spectrometer, in com-

ination with liquid chromatography–atmospheric
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ressure chemical ionization mode (LC-APCI/MS),
as used for furanocoumarin characterization. During
PCI/MS analysis, temperatures of the vaporizer and
eated capillary were set at 450°C and 175°C, respec-
ively. The voltage of corona discharge was set to 4.5
V, and the source current was 3.5 �A. APCI/MS was
arried out with the use of nitrogen as the sheath gas
60 psi) to assist nebulization. Further characterization
f furanocoumarins was performed via tandem mass
pectrometry (MS/MS) of the mass-selected protonated
olecular ions ([M�H]�) at a collision energy of 30 to

0 eV. The results were confirmed with those previ-
usly published4,7 and with authentic standards (DHB
nd bergamottin).

Human subject study. To confirm that the whole
rapefruit juice and serum had inhibitory potential to-
ard CYP3A4 in vivo, a small clinical study was
ndertaken that was approved by the University of
ichigan Institutional Review Board (Ann Arbor,
ich). Three women and 2 men, aged 20 to 37 years

nd weighing 65 to 77 kg, were enrolled in this 3-way
andomized crossover study after providing written in-
ormed consent. None were taking medications (either
rescription or over the counter) or supplements (vita-
ins, minerals, or herbal). All were asked to abstain

rom alcohol, caffeine, and grapefruit products for the
uration of the study. For each subject, the 3 periods
overnight visits) of the study were separated by at least

week. Each subject was randomized to 1 of the 6
ossible treatment sequences (ie, ABC, ACB, BAC,
CA, CAB, and CBA).
On the evening before each study period, the subject

as admitted to the General Clinical Research Center.
fter an overnight fast, each subject was given a 10-mg

xtended-release tablet of felodipine (Plendil; Astra-
eneca, Wilmington, Del) with 240 mL of plain orange

uice (prepared from frozen concentrate), grapefruit
uice, or orange juice–containing serum. To control for
he ethanol content (5%) in the orange juice–containing
erum, ethanol was added to the orange juice and
rapefruit juice to yield a final concentration of 5%.
lood (5 mL) was collected (from an indwelling cath-
ter placed in an arm) into ethylenediaminetetraacetic
cid–containing tubes immediately before administra-
ion of felodipine with the juice and at 0.5, 1, 1.5, 2, 2.5,
, 4, 6, 8, 12, and 24 hours thereafter. Plasma was
eparated from blood cells by centrifugation and stored
t �80°C pending analysis for felodipine by capillary
olumn gas chromatography as previously described.10

Pharmacokinetic analysis. The pharmacokinetics of
elodipine was evaluated by noncompartmental meth-

ds with WinNonlin (version 4.1; Pharsight Corp, s
ountain View, Calif). The AUC from time 0 to the
ime corresponding to the last measurable concentration
Clast) [AUC(0-Clast)] was determined by the linear
rapezoidal method. For those concentration-time pro-
les with sufficient data points in the terminal phase,

he terminal elimination rate constant (�z) was deter-
ined by log-linear regression of at least the last 3

oints. The terminal half-life (t1⁄2)

as calculated as ln2/�z. The AUC from time 0 to
nfinity [AUC(0-�)] was calculated as the sum of
UC(0-Clast) and Clast/�z. The apparent oral clearance

Cl/F) was calculated as the ratio of the dose to AUC(0-
). The maximum felodipine plasma concentration

Cmax) and the time to reach Cmax (tmax) were obtained
irectly from the concentration-time profile.
Inhibitory effects of grapefruit juice serum toward

DNA-expressed CYP3A4 catalytic activity. CYP3A4
atalytic activity was determined by measuring the rate
f conversion of the fluorescent CYP3A4 probe BFC to
-hydroxy-4-(trifluoromethyl)-coumarin (7-HFC). For
he reversible inhibition study, triplicate incubation
ixtures containing cDNA-expressed CYP3A4 (0.25

mol), BFC (25 �mol/L), bovine serum albumin (40
g/mL), and magnesium chloride (3 mmol/L) were
rought up to 445 �L with potassium phosphate buffer
0.1 mol/L, pH 7.4) and prewarmed for 5 minutes in a
haking water bath at 37°C. Five microliters of a 100-
old concentrated solution of serum or vehicle (ethanol)
as added such that the final concentration of serum in

he incubations was identical to that in the juice admin-
stered to the human subjects (see under Human Subject
tudy). The reaction was initiated by adding 50 �L of
0-mmol/L nicotinamide adenine dinucleotide phos-
hate, reduced (NADPH, 1-mmol/L final concentra-
ion). The reaction was terminated at the end of 15
inutes by adding 225 �L of quench solution (80%

cetonitrile/20% 0.5-mol/L Tris base, pH 7.5). The
uorescence of 7-HFC was measured by use of the
erkin-Elmer LS50B Luminescence Spectrometer
Shelton, Conn) with excitation and emission wave-
engths set at 409 and 530 nm, respectively.

For the mechanism-based inhibition study, 5 pmol of
DNA-expressed CYP3A4 in 35 �L potassium phos-
hate buffer was incubated, in triplicate, with 1 �L of
50-fold concentrated solution of serum or vehicle

ethanol). The reaction was initiated with NADPH (1-
mol/L final concentration). After 0 and 15 minutes,

5 �L of this primary incubation mixture was diluted
1:40) into 585 �L of secondary reaction mixture con-
aining NADPH (1 mmol/L), BFC (25 �mol/L), bovine

erum albumin (40 �g/mL), and magnesium chloride (3
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mol/L) in potassium phosphate buffer. After incuba-
ion for 15 minutes, the reaction was stopped with the
uench solution, and the samples were analyzed for
-HFC as described. Parallel experiments were con-
ucted with purified DHB (in lieu of serum) at the
oncentration measured in serum (38 �mol/L).

Effect of grapefruit juice serum on immunoreactive
YP3A4 protein in Caco-2 cells. The Caco-2 cell
lone P27.7 was cultured on laminin-coated inserts and
reated, as described previously,14 with the CYP3A4-
nducing agent 1�,25-(OH)2-D3 for 3 weeks after
eaching confluence. To maximize CYP3A4 expres-
ion, differentiation medium was supplemented with
5-�mol/L all-trans retinoic acid, and the concentra-
ion of 1�,25-(OH)2-D3 was increased to 50 �mol/L.15

o each set of duplicate or triplicate culture inserts, 2
L of differentiation medium containing 2 �L of a

000-fold concentrated solution of serum or vehicle
ethanol) was added to the apical compartment, fol-
owed by 2.5 mL of plain differentiation medium to the
asolateral compartment. The culture inserts were in-
ubated at 37°C for 0, 2, 4, or 8 hours. At the end of the
ndicated times, the apical and basolateral media were
spirated, and 500 �L of cold lysis buffer (0.5% Triton
-100, 0.5-mmol/L ethylenediaminetetraacetic acid,
.15-mol/L sodium chloride, and 8-mmol/L
-tris[hydroxymethyl]methyl-2-aminoethanesulfonic
cid) containing protease inhibitors was added to the
emaining cell monolayer. The lysed cells were scraped
nto microcentrifuge tubes, placed on ice for 1 hour,
nd centrifuged at 16,000g for 10 minutes, and the
upernatant was collected. Total protein concentration
n the lysates was determined by the method of Lowry
t al16 with bovine serum albumin used as the reference
tandard. Twenty micrograms of protein from each
ysate, along with cDNA-expressed CYP3A4 (25 fmol)
s a positive control, was resolved on 9% sodium
odecyl sulfate–polyacrylamide gels and electrotrans-
erred onto polyvinylidene difluoride membranes. The
embranes were probed for CYP3A4. The protein

ands of interest were visualized by enhanced chemi-
uminescence and the Chemi-Doc imaging system
Bio-Rad, Hercules, Calif). Densitometry was per-
ormed with the software program Quantity One (ver-
ion 4.1; Bio-Rad).

Statistical analysis. Preliminary analysis of data
rom 4 grapefruit juice–felodipine interaction studies, 3
ublished10,12,17 and 1 unpublished (Paine MF,
atkins PB, unpublished observations, 2003) (n 	 52

otal subjects), showed that the underlying distributions
f the AUC from 0 to 24 hours [AUC(0-24)], Cmax, and
max of felodipine are not normal. Frequency histo- b
rams, normal-scale probability plots, and estimates of
kewness and kurtosis provided compelling evidence
hat the underlying distributions of the log-transformed
UC(0-24), Cmax, and tmax of felodipine are normal or

pproximately normal. Power analyses based on the
ame log-transformed AUC data indicated that a sam-
le size of 5 can be expected to provide an 80% chance
f rejecting the null hypothesis when a 1-sided paired
ata t test procedure (with .05 level of significance) is
sed to test the null hypothesis—no inhibitory effect
Ho)—against the alternative—some inhibitory effect
Ha)—if the true magnitude of the inhibitory effect is to
ncrease AUC by 60%. Similar findings held for Cmax

nd tmax.
For the in vivo study, the effects of grapefruit juice

nd orange juice–containing serum on AUC(0-Clast),

max, tmax, and Cl/F are presented as ratios, relative to
he effects of plain orange juice, for each subject and
he median of all 5 subjects. For the primary inferences,
eans with 90% confidence intervals (CIs) are pre-

ented for the log-transformed ratios. The log-
ransformed ratios were also used in a 1-sided paired-
ata t test procedure for testing Ho against Ha. P values

.05 were considered statistically significant. For the
rimary tests regarding the effects of serum relative to
ontrol (plain orange juice), a 1-sided t test procedure
as used because the direction of effect was not in
uestion; only the existence and magnitude of the effect
ere in question. For the in vitro studies, the results are
resented as mean 
 SD where appropriate. The sim-
larities of the effects of serum and purified DHB on
DNA-expressed CYP3A4 activity were evaluated by
se of 95% CIs.

ESULTS
Characterization of furanocoumarins in grapefruit

uice, serum, and pulp. Furanocoumarins in whole
rapefruit juice, the aqueous extract (serum), and the
thanol extract (pulp) were initially identified by their
lectronic absorption spectra. All furanocoumarins had
bsorption maxima (�max) at 244 to 249 nm and at 307
o 309 nm, with a shoulder at 264 to 265 nm (Table I),
n agreement with values previously reported.7 The
etention time and identity of each furanocoumarin of
nterest (DHB, bergamottin, GFI-1, and GFI-4) were
onfirmed by LC-APCI/MS mass ion selection (Table
) by use of authentic standards (DHB and bergamottin)
r previously published results (GFI-1 and GFI-4).4

he majority of DHB in grapefruit juice (43 �mol/L)
as isolated into the serum (38 �mol/L) (Table I). The

erum also contained some bergamottin (0.2 �mol/L)

ut no detectable dimers (GFI-1 and GFI-4). Compared
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ith serum, the pulp extract contained 85% less DHB
nd 4-fold more bergamottin. The pulp extract also
ontained GFI-1 and GFI-4 (Table I). Whereas DHB
as completely recovered from whole juice, the total
ercent recoveries of the more lipophilic bergamottin,
FI-1, and GFI-4 were 4%, less than 12%, and less

han or equal to 32%, respectively, presumably as a
esult of incomplete extraction by ethanol or volatiliza-
ion during evaporation. A greater volatility for berga-
ottin is consistent with its higher vapor pressure com-

ared with that of DHB (2.85 � 10�10 mm Hg versus
.27 � 10�14 mm Hg at 25°C) (SciFinder Scholar,
2002; American Chemical Society, Columbus, Ohio).
o furanocoumarins were detected in the plain orange

uice (data not shown).
Effect of grapefruit juice serum on oral felodipine

harmacokinetics. To confirm that the serum had in-
eraction potential, healthy volunteers were given a
ingle felodipine tablet with plain orange juice, grape-
ruit juice, or orange juice–containing serum. The felo-
ipine concentration-time profile for each of the 5 sub-
ects is shown in Fig 1. There was considerable
ntersubject variation in response to each of the juices.
or every subject except subject B (who appeared to
ave minimal response to either grapefruit juice or
erum), both the AUC(0-Clast) and Cmax of felodipine
ith grapefruit juice were increased by at least 2.2-fold

elative to plain orange juice (Table II). The median
ncreases by grapefruit juice were 2.3- and 3.2-fold,
espectively (P 	 .02 and .02, respectively). As ex-
ected, the serum also increased AUC(0-Clast) and

max; the median increases were 1.9-fold (P 	 .04) and
.7-fold (P 	 .01), respectively (Table II). For subjects

and D, after treatment with plain orange juice or
erum, the �z (and hence t1⁄2 and Cl/F) could not be
etermined because of insufficient data points in the
erminal phase of the concentration-time profile. As
uch, statistical comparisons were not made for these 2

able I. Electronic absorption and mass spectral chara
uice, the aqueous extract (serum), and the ethanol ext

Furanocoumarin
Tr

(min)
[M�H]�

(m/z) Fragment ion

DHB 21.3 373 355, 337, 203
Bergamottin 34.3 339 203
GFI-1 32.6 727 525, 373, 355,
GFI-4 34.0 709 507, 355, 337,

Tr, Retention time; m/z, mass-to-charge ratio; �max, maximum wavelength;
arameters. h
Inhibition of CYP3A4 catalytic activity by grape-
ruit juice serum. To compare the effects of serum and
urified DHB on CYP3A4 catalytic activity, cDNA-
xpressed enzyme was coincubated with the CYP3A4
robe substrate BFC plus serum (at the identical con-
entration present in the juice administered to human
ubjects) or purified DHB (at the concentration mea-
ured in serum). Relative to control (vehicle), serum
nhibited CYP3A4 catalytic activity by 85% 
 5% (Fig
, A), whereas purified DHB inhibited activity by 75%

4%. The 95% CI for the difference was 10% 
 7%.
To delineate reversible from mechanism-based inhi-

ition, the effect of preincubating the enzyme with the
ame concentration of serum was next examined (Fig 2,
). After a 40-fold dilution, without preincubation (cor-

esponding to a DHB concentration of approximately 1
mol/L), CYP3A4 activity was inhibited by 40% 

% relative to vehicle. After a 15-minute preincubation,
ctivity was inhibited by 88% 
 2%. These extents of
nhibition were similar to those by purified DHB (35%

4% and 86% 
 3% with a 0- and a 15-minute
reincubation, respectively). These results translated
nto 79% 
 6% and 78% 
 5% mechanism-based
nhibition of the enzyme by serum and purified DHB,
espectively. The 95% CI for this difference was 1% 

%.
Loss of CYP3A4 immunoreactive protein by grape-

ruit juice serum. To compare the effects of serum and
urified DHB on CYP3A4 immunoreactive protein in a
elevant whole-cell system, CYP3A4-expressing
aco-2 cells were incubated with serum (at the concen-

ration used in the clinical study) or purified DHB.
Under our cell culture conditions [0.1% ethanol], the
imit of solubility of DHB was 30 �mol/L; therefore 30
mol/L was tested [rather than 38 �mol/L]). Compared
ith vehicle, both serum and purified DHB rapidly

educed CYP3A4 protein content in the cells (Fig 3, A),
esulting in losses of 71% and 66%, respectively, at 8

cs of the furanocoumarins measured in grapefruit
lp)

�max (nm)

Concentration (�mol/L)

Grapefruit
juice Serum Pulp

247, 264, 309 43.2 38.2 5.8
244, 265, 307 26.9 0.2 0.8
244, 265, 309 0.52 BLQ 0.05
249, 265, 309 0.34 BLQ 0.10

' - dihydroxybergamottin; BLQ, below limit of quantification (0.01 �mol/L).
cteristi
ract (pu

s (m/z)

337, 203
203
ours (Fig 3, B). The time-averaged extents of protein
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Fig 1. Plasma concentration–time profiles for felodipine in 5 healthy volunteers. Subjects were
given a 10-mg extended-release tablet of felodipine with 240 mL of plain orange juice (OJ),
grapefruit juice (GFJ), or orange juice–containing grapefruit juice serum.
able II. Ratios of pharmacokinetic measures of felodipine after ingestion with grapefruit juice or orange juice–
ontaining grapefruit juice serum relative to those with plain orange juice

AUC(0-Clast) Cmax tmax CI/F

GFJ Serum GFJ Serum GFJ Serum GFJ Serum

Subject
A 2.2 2.0 2.7 1.5 1.0 1.6 0.41 0.54
B 1.3 1.2 0.8 1.2 0.3 1.0 — —
C 2.9 1.2 4.0 1.7 0.8 0.8 0.31 0.80
D 11.3 5.7 3.2 2.9 1.6 1.0 — —
E 2.3 1.9 4.3 2.7 0.5 0.7 0.41 0.54

Median 2.3 1.9 3.2 1.7 0.8 1.0 0.41 0.54
Mean of log values 0.47 0.30 0.42 0.28 –0.16 –0.02 –0.43 –0.21
Log 90% CI 0.21 to 0.73 0.09 to 0.50 0.20 to 0.63 0.16 to 0.39 –0.39 to 0.06 –0.13 to 0.09

For subjects B and D, the CI/F ratio could not be determined because of insufficient data points in the terminal phase of the concentration-time profile (plain orange
uice and serum treatments).

AUC(0-Clast), Area under plasma concentration–time curve from time 0 to time corresponding to last measurable concentration; Cmax, maximum plasma concentration;

max, time to reach Cmax; CI/F, apparent oral clearance; GFJ, grapefruit juice; CI, confidence interval.
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oss by serum and purified DHB were identical (43%)
hen assessed from the areas under the CYP3A4 pro-

ein content versus time curves shown in Fig 3, B
[AUCvehicle � AUCtreatment]/AUCvehicle).

ISCUSSION
Several groups of investigators have proposed

uranocoumarins to be the active components in grape-
ruit juice responsible for the pharmacokinetic alter-
tions of numerous drugs known to be metabolized by
YP3A4.1,3,4,6-8 Such furanocoumarins include berga-
ottin, DHB, and furanocoumarin dimers. Collec-

ig 2. Comparison of grapefruit juice serum and purified
',7'-dihydroxybergamottin (DHB) (38 �mol/L) on catalytic
ctivity (7-benzyloxy-4-(trifluoromethyl)-coumarin [BFC]
-hydroxylation rate) of complementary deoxyribonucleic
cid (cDNA)–expressed CYP3A4. For reversible inhibition,
he enzyme was coincubated with vehicle (0.1% ethanol),
erum, or purified DHB, BFC, and NADPH and incubated for
5 minutes (A). For mechanism-based inhibition, the enzyme
as preincubated with vehicle, serum, or purified DHB and
ADPH for 0 or 15 minutes; the primary reaction mixture
as then diluted 1:40 to a secondary reaction mixture con-

aining BFC and NADPH (DHB final concentration, approx-
mately 1 �mol/L) and incubated for an additional 15 minutes
B). Bars and error bars denote means and SDs, respectively,
f triplicate incubations.
ively, these investigators have demonstrated that many g
f these furanocoumarins can inhibit the catalytic ac-
ivity of enterocyte CYP3A4 by 3 related mechanisms
s follows: reversible inhibition, mechanism-based in-
ibition, and reduction in CYP3A4 protein content. The
elative contribution of an individual furanocoumarin
y any of these mechanisms is not known.
By exploiting the lipophilic properties of major

rapefruit juice–containing furanocoumarins, an aque-
us extract of the juice (serum) was created that con-
ained approximately 90% of the DHB but less than
.5% of the bergamottin and less than 0.1% of 2 furano-
oumarin dimers present in whole juice. The serum
iffered from a filtered supernatant described in a pre-
ious study12 in that (1) the repeated washing of the
ulp with water resulted in a greater enrichment of
HB into the serum versus pulp (7:1 versus 3:1, re-

pectively) and (2) bergamottin and furanocoumarin
imers were measured. Only 1 prior study reported
oncentrations of furanocoumarin dimers in fractions of

7

ig 3. Comparison of grapefruit juice serum and purified
HB (30 �mol/L) on immunoreactive CYP3A4 protein in
odified Caco-2 cells. Caco-2 cells were incubated with

ehicle (0.1% ethanol) (V), serum (S), or purified DHB (D)
or 0, 2, 4, or 8 hours, and the cell lysates were analyzed for
YP3A4 protein by Western blot analysis by use of cDNA-
xpressed CYP3A4 (25 fmol) as a positive control (A). Band
ntensities from duplicate (purified DHB) or triplicate (vehi-
le, serum) culture inserts were assessed by densitometry and
veraged for each time point (B). Error bars denote SDs.
rapefruit juice. However, the investigators analyzed a
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onfiltered supernatant of whole juice, which would
till contain particulates and, hence, contained appre-
iable concentrations of the more lipophilic furanocou-
arins (ie, bergamottin and dimers). Our method of

reparation of grapefruit juice serum, along with an
xtensive characterization of the major furanocouma-
ins, showed that the concentrations of bergamottin and
imers were well below those reported to significantly
nhibit CYP3A4 catalytic activity in vitro.4,6-8,13,18 Ac-
ordingly, we reasoned that this serum would provide a
eans to establish the contribution of DHB to the

rapefruit juice effect.
The average extents of interaction observed with

elodipine and whole grapefruit juice or orange juice–
ontaining serum in our study agreed with those previ-
usly reported for a larger number of subjects (n 	 12)
dministered whole grapefruit juice and a filtered su-
ernatant.12 Our study, therefore, confirmed that the
erum contained ingredients that significantly contrib-
ted to the grapefruit juice effect in vivo. In addition to
he serum containing concentrations of bergamottin and
uranocoumarin dimers well below the lowest pub-
ished IC50 values, our in vitro results further suggest
hat the effect of serum observed in vivo could be
ttributed almost entirely to DHB. First, the extent of
eversible inhibition of CYP3A4 (ie, without preincu-
ation of the enzyme with inhibitor) by serum was
argely reproduced by purified DHB at both the con-
entration measured in serum (37 �mol/L) (Fig 2, A)
nd after a 40-fold dilution (approximately 1 �mol/L)
Fig 2, B, black bars). The inhibition of approximately
0% by the latter concentration of DHB approximates
he IC50 and is in agreement with previously reported
C50 values (0.3-1.7 �mol/L).6,7,13,18 Second, the extent
f mechanism-based inhibition of CYP3A4 by serum
as reproduced by purified DHB at the concentration
easured in serum. Finally, serum caused a time-

ependent decrease in CYP3A4 protein content in mod-
fied Caco-2 cells that was mirrored by purified DHB at
comparable concentration. Collectively, these results

re consistent with DHB being the principal active
ngredient in serum with respect to the 3 implicated
echanisms of intestinal CYP3A4 inhibition. We con-

lude that DHB could almost completely account for
he interaction between serum and felodipine.

We had anticipated that the ethanol extract of the
ulp would contain high concentrations of bergamottin
nd the furanocoumarin dimers but little DHB as a
esult of the repeated extraction with water. If success-
ul, this extract would have allowed us to test the
ombined effects of the more lipophilic furanocouma-

ins in a clinical study. However, when the ethanol r
xtract was reconstituted in orange juice, DHB content
6 �mol/L) remained well above its lowest published
C50 (0.3 �mol/L6,13). Consequently, we were unable to
ursue meaningful studies with the ethanol extract.
ailey et al19 recently reported that one quarter strength

ime juice, which contained bergamottin at a concen-
ration identical to that of whole grapefruit juice (25
mol/L) but undetectable DHB, increased the average
UC and Cmax of felodipine by only 19% and 20%,

espectively, relative to control (water) in 8 healthy
olunteers. These increases in AUC and Cmax are less
han those observed with the serum in our study (67%
nd 81%, respectively, relative to control) and with the
ltered supernatant in a previous study12 (53% and
2%, respectively, relative to control). These findings
uggest that DHB may have a greater contribution than
ergamottin to the grapefruit juice effect.
On the basis of observations involving Seville orange

uice, it was proposed that the presence of both berga-
ottin and DHB might serve as marker substances to

dentify foods with potential for grapefruit juice–type
nteractions.10 The current results suggest that DHB
lone could serve as such a marker substance. Like-
ise, it follows that removal of DHB from grapefruit
roducts, either by genetic engineering or by separation
echniques, would likely reduce the magnitude of
rapefruit juice–drug interactions. However, removal
f DHB from whole grapefruit juice would probably
ot completely eliminate interaction potential because
he magnitude of the interaction between felodipine and
he particulate fraction of the juice cannot be attributed
o DHB alone.12 Additional active ingredients may
nclude bergamottin, furanocoumarin dimers, other un-
dentified furanocoumarins, or even nonfuranocouma-
ins.

It has been suggested that the apparently nontoxic
ctive ingredients in grapefruit juice might be used
ommercially to improve the oral bioavailability of
rugs that undergo extensive CYP3A4-mediated me-
abolism during first passage through the intestinal
all.1 The current data suggest that DHB would be a
ood candidate for this strategy. A formulation contain-
ng DHB could have clinical benefit if, by reducing
nterocyte CYP3A4 activity, it results in less variation
n oral bioavailability with improved dose-response
ffects, both among and within individuals. However,
ecause many CYP3A4 drug substrates interact with
rapefruit juice during absorption in the intestine, the
ddition of DHB to the formulation of one drug might
ncrease the risk of adverse effects to other drugs (un-
ess their formulations also contain DHB). For this

eason, an ideal additive may be one that inhibits en-
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erocyte CYP3A4 only during the absorption phase,
llowing staggered dosing of other susceptible medica-
ions. Such short-term inhibition may be best achieved
y a potent reversible (eg, competitive) inhibitor. The
uration of the mechanism-based inhibition and loss of
YP3A4 protein caused by DHB would depend on the

ates of de novo synthesis and degradation half-life of
he enzyme, but this is likely to exceed the absorption
hase of most drugs. Indeed, these actions of DHB may
ccount in part for why the effects of the juice persist
or up to 3 days.20-22 The utility of DHB as an additive
o certain formulations, therefore, warrants further in-
estigation.
In summary, the results from the current study

howed (1) that grapefruit juice serum does not contain
ignificant amounts of furanocoumarin dimers and ber-
amottin and (2) that the inhibitory effects of the serum
n the catalytic activity of cDNA-expressed CYP3A4
nd on CYP3A4 immunoreactive protein in modified
aco-2 cells can be largely accounted for by DHB.
hese novel findings indicate that DHB could account
lmost entirely for the effect of the aqueous extract of
rapefruit juice on the systemic exposure of felodipine,
upporting a major role for DHB in the grapefruit juice
ffect. The potential commercial applications remain to
e determined.

We thank Dr Asoka Ranasinghe (Department of Environmental
cience and Engineering, School of Public Health, University of
orth Carolina, Chapel Hill, NC) for his help with the analysis and
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ipine in human plasma.
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CORRECTION
In “Activities of cytochrome P450 1A2, N-acetyltransferase 2, xanthine oxidase, and cytochrome P450 2D6 are

unaltered in children with cystic fibrosis” (Kennedy MJ, Scripture CD, Kashuba ADM, Scott CS, Gaedigk A,
Kearns GL. Clin Pharmacol Ther 2004;75:163-71), in line 4 of the abstract on page 163 and line 6 of the left-hand
column on page 165, the amount of caffeine contained in 4 oz of Coca-Cola is incorrect as shown. The correct
value is 11.5 mg. In line 3 of the right-hand column on page 166, the mean (
SD) and range for the caffeine doses
are also incorrect. The correct values are 0.56 
 0.12 mg/kg (range, 0.45-0.89 mg/kg) and 0.51 
 0.08 mg/kg
(0.37-0.64 mg/kg) for CF and control subjects, respectively.

The following grant support footnote should have appeared on page 163: Supported by the General Clinical
Research Center Program of the Division of Research Resources, National Institutes of Health (grant No.
RP00046, University of North Carolina).
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