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ABSTRACT:

Xanthohumol (XN) is the major prenylated flavonoid of the female
inflorescences (cones) of the hop plant (Humulus lupulus). It is also
a constituent of beer, the major dietary source of prenylated fla-
vonoids. Recent studies have suggested that XN may have poten-
tial cancer-chemopreventive activity, but little is known about its
metabolism. We investigated the biotransformation of XN by rat
liver microsomes. Three major polar metabolites were produced
by liver microsomes from either untreated rats or phenobarbital-
pretreated rats as detected by reverse-phase high-performance
liquid chromatography analysis. Liver microsomes from isosafrole-

and B-naphthoflavone-pretreated rats formed another major non-
polar metabolite in addition to the three polar metabolites. As
determined by liquid chromatography/mass spectrometry and 'H
NMR analyses, the three major polar microsomal metabolites of
XN were tentatively identified as 1) 5''-isopropyl-5''-hydroxydihy-
drofurano[2'’,3'":3',4']-2’ ,4-dihydroxy-6'-methoxychalcone; 2) 5''-
(2""'-hydroxyisopropyl)-dihydrofurano[2'’,3'":3',4']-2’ ,4-dihydroxy-
6’-methoxychalcone; and 3) a derivative of XN with an additional
hydroxyl function at the B ring. The nonpolar XN metabolite was
identified as dehydrocycloxanthohumol.

The flavonoids are some of the most ubiquitous compounds fouhtewing industry to give beer its characteristic flavor and aroma.
in nature. Over 4000 different naturally occurring flavonoids hav&anthohumol (XN) is the principal flavonoid present in hop cone

204/882730

been described. Flavonoids are common substances in the daily didgtacts and has a prenylated chalcone structure (Fig. 1). XN consti-
and are resistant to boiling and fermentation (Kim et al., 1998). Théytes 82 to 89% of the total amount of prenylated flavonoids of
display a wide range of biological and pharmacological propertiefferent European hop varieties (Stevens et al., 1997). Substitutions
(Hollman and Katan, 1998), including antiviral, anticancer, and antn the chalcone structure have a profound influence on the anticarci-
oxidant properties (Boutin et al., 1993). Several flavonoids can inhilibgenic effects of these compounds. More specifically, studies have
or activate cytochrome P450 (CYPenzyme systems in vitro and in shown that XN is an effective antiproliferative agent in human breast
vivo (Nielsen et al., 1998). Flavonoids, including chalcones, hawancer cells (MCF-7), colon cancer cells (HT-29), and ovarian cancer
been shown to inhibit the proliferation of cancer cells and inhibiells (A-2780) (Miranda et al., 1999). Other studies such as inhibition
tumor growth (Miranda et al., 1999). of CYP enzymes (Henderson et al., 2000) and induction of quinone
The hop plant flumulus lupulud..) is a dioecious twining peren- reductase (Miranda et al., 2000) by XN suggest that XN may have

nial. The female inflorescences (hop cones or “hops”) are used in fh@mising cancer-chemopreventive properties.
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dehydrocycloxanthohumol hydrate (xanthohumol B); DX, dehydrocycloxanthohu-
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droxy-6'-methoxychalcone; metabolite 2 (M2), 5''-(2-hydroxyisopropyl)-dihydro-
furano[2'’,3"":3',4']-2’,4-dihydroxy-6’-methoxychalcone; M3 and M4, metabo-
lites 3 and 4; TAO, troleandomycin; PB, phenobarbital; ISF, isosafrole; BNF,
B-naphthoflavone; ANF, a-naphthoflavone; SKF-525, proadifen; TCPO, 1,2-ep-
oxy-3,3,3-trichloropropane; RDA, retro Diels-Alder; APCI, atmospheric pressure
chemical ionization; "H NMR, proton nuclear magnetic resonance.
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Molecular Toxicology, Oregon State University, ALS 1007 Corvallis, OR 97331.
E-mail: Donald.Buhler@orst.edu

Although flavonoids are abundantly present in the human diet and
in animal feeds, little is known about their metabolism. Two major
sites of flavonoid biotransformation are the liver and the colonic flora
(Hollman and Katan, 1998). Since the CYP superfamily is abundant in
the liver and small intestine, they may play a role in the metabolism
of flavonoids, including XN. The metabolism of flavonoids such as
naringenin, genistein, hesperetin, quercetin, chrysin, apigenin, tan-
geretin, kaempferol, galangin, tamarixetin, taxifolin, luteolin, myrice-
tin, morin, and fisetin has been investigated in rat liver microsomes,
but there is no information about metabolism of prenylated flavonoids
(Nielsen et al., 1998; Roberts-Kirchhoff et al., 1999). Thus, in the
present study, we examined the biotransformation of the prenylated
chalcone, XN, in liver microsomes from rats untreated and treated
with various P450-inducing agents, including phenobarbital, isosaf-
role, andB-naphthoflavone. The metabolites were characterized by
HPLC, UV spectroscopy, liquid chromatography/mass spectrometry
(LC/MS), and proton nuclear magnetic resonands MR).
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so that all four major XN metabolites were formed. Incubations in a final
volume of 250ul were used, and reactions were stopped at 0, 10, 20, 30, 40,
50, and 60 min by adding ice-cold methanol. The samples were centrifuged
and the supernatants evaporated to dryness. HPLC analysis was conducted as
described below.

Incubations with CYP Inhibitors. Various CYP inhibitors were included
in the incubations to give some insight into the identity of the specific enzymes
involved in XN biotransformation. Mixtures were incubated at 37°C for 30
min with one of the following inhibitors, with the target enzyme and the
indicated final concentration in parentheses: SKF-525 (0.5 mM; nonspecific),
ANF (0.1 mM; CYP1A), TAO (0.5 mM; CYP3A), and TCPO (0.1 mM;
epoxide hydrolase) before addition of XN. Inhibitor concentrations for these
experiments were chosen according to those used in previous studies (Lewis,
1996). As these inhibitors and substrate were prepareduhd ethanol, an
additional control incubation was included with only ethanol for each incuba-
tion to correct for any effect of the solvent on the microsomes. Carbon

Chemicals.Xanthohumol, desmethylxanthohumol, dehydrocycloxanthohunonoxide (100%) and antibodies raised against NADPH-cytochrome P450
mol hydrate (DH, also referred to as xanthohumol B), and dehydrocycloxaeductase also were used to inhibit the microsomal biotransformation. The
thohumol (DX, also referred to as xanthohumol C) were isolated and purifigletreatments with 100% carbon monoxide and rat reductase antibodies were
from hops during previous work (Stevens et al., 1997, 2000). Troleandomyggr 15 and 30 min, respectively, at room temperature before the addition of
(TAO), formic acid, phenobarbital (PB)g-naphthoflavone (BNF), and XN. Inhibition of the reaction was expressed as the percentage decrease in
NADPH were purchased from Sigma Chemical Company (St. Louis, MOpetabolite production based on the peak area of the metabolite obtained from
a-Naphthoflavone (ANF) and isosafrole (ISF) were from Aldrich Co. (Mil-incubation with addition of inhibitor compared with that without.
waukee, WI). Acetonitrile, ethanol, and methanol were HPLC grade from HPLC and Isolation of Metabolites by HPLC. A Waters (Milford, MA)
Mallinckrodt Baker, Inc. (Paris, KY). Dimethyds sulfoxide (100%) and 2690 HPLC system with a 996 diode-array detector ancuadNova-Pak Gy
MgCl, were purchased from Cambridge Isotope Laboratories, Inc. (Andoveblumn (3.9 150 mm, Waters) were used to separate metabolites. The
MA) and Kodak (Rochester, NY), respectively. Proadifen (SKF-525A) angblumn temperature was thermostatically maintained at 35°C. Detection was at
1,2-epoxy-3,3,3-trichloropropane (TCPO) were from SmithKline and Frenefgg nm, with simultaneous scanning from 230 to 400 nm. Samples dissolved
Labs (Philadelphia, PA) and Pfaltz and Bauer (Stamford, CT), respectivefy. 100 ul of 25% aqueous acetonitrile containing 1% formic acid were
Polyclonal antibodies against rat NADPH-cytochrome P450 reductase Wegslyzed using a slight modification of the method of Nielsen et al. (1998).
prepared by M. C. Henderson according to methods previously describgdiapolites were eluted with acetonitrile and water containing 1% formic acid
(Kaminsky et al., 1981; Ardies et al., 1987). at a flow rate of 0.8 ml/min. The initial 29% CJ&N was increased to 60%

Isolation of Rat Liver Microsomes. Sixteen male Sprague-Dawley ratsoyer 18 min and then to 84% over the next 10 min with a linear gradient
(165-185 g body weight) were purchased from Simonsen Company (Gilrgyction, At 34 min, the CHCN was returned to 29% over 4 min, and the
CA). Animals were divided into four groups with four animals in each cage.,\ymn was equilibrated for 10 min before the next injection. The metabolites
Microsomes were prepared as described (Williams and Buhler, 1984) frofa o iqentified by LC/MS andH NMR after running a large-scale incubation
pooled livers of rats that had been treated intraperitoneally with 0.9% NaCl, B&, 15 1 mg of XN and a NADPH-generating system with glucose 6-phos-
(80 ma/kg), ISF (150 mg/kg), or BNF (40 mg/kg) daily for 3 days. On the 4tBhate and collecting the fractions of this incubation by preparative HPLC with

day after exposure, preceded by a 24-h fasting period, the rats were anesfiex oo (Deerfield, L) Econosil g, (250- x 22-mm) column at a flow rate

tized using CQ and killed by asphyxiation. The washed liver MICTOSOMESys 11 mi/min. All isolated metabolite fractions were lyophilized and redis-

resuspended in 0.1 M potassium phosphate buffer, pH 7.4, containing zgg/?ved in 25% CHCN containing 1% formic acid before LC/MS analysis.

glycerol and 1 mM EDTA, were frozen at80°C before use. Protein concen- LCIMS. LC/MS was performed with Waters 6000A pumps using arb-
trations of liver microsomes were determined by Coomassie Plus protein asgay ’

X 4. . in. i
from Pierce Chemical Co. (Rockford, IL). CYP contents were determined %\é;;?;ltjg(]jnvsiztrswoa I?ngartrr":gliteitﬂg:;(ri?éitolg irrg/?r](l)r:nﬁ'\(l)tym@ (ect;btgh;eoso\&ere
the method of Omura and Sato (1964).

N o ) . o
Xanthohumol Biotransformation by Rat Liver Microsomes. A typical CH,CN in 1% aql._leousformlc acid over 30 min. At 3.5. min, the %.CHN yvas
. S . . . .returned to 40% in 2 min, and the column was equilibrated for 15 min before
0.5-ml biotransformation incubation mixture consisted of 0.5 mg of protei

0.1 M Tris-HCl, pH 7.4, containing 10 mM Mgghnd 100uM XN (dissolved rt]lﬁe next injection. Mass spectra were recorded on a PE Sciex APlttipple

in 3 ul of ethanol) as substrate. The reaction was initiated by adding 2 mgsgrlupme m_?ss spedctrorrltf]ter u3|‘?_g atmltt:»sph:g:sp\r/essure ckt\emlcal 'to nization
NADPH. Incubations were carried out at 37°C for 60 min with continuou ) in positive mode, with an orifice voltage » Source temperature

shaking in a Dubnoff incubator. Control incubations were performed Withog{ 60°C, and scanning fromvz 100 to 450 (PE Sciex, Ontario, Canada).

the addition of NADPH or without microsomes. Reactions were terminated l%gkr]n;iles yveref introduced byo Ioophlnjectllgnl o_r by HPLC c\i”a the heac;e;d
adding 1.5 ml of ice-cold methanol, followed by centrifugation at 4°C. Th@ebulizer interface set at 500°C. The multiple ion scan mode was used for

supernatants were evaporated to dryness under nitrogen gas. The residues%ﬁg?gt've detection of metabolites. Daughter-ion scanning in the MS-MS mode

redissolved in 10Qul of 75% CH,CN containing 1% formic acid and subse was used to obtain structural information. The target gas in the collision cell
: . ; 4 -2
quently analyzed on the same day by HPLC for XN metabolites. All expetf/@S argon-nitrogen (9:1) at a density of ca. k810" atoms cm*. The

ments were carried out in duplicate. One set of experiments was done wifflision energy was set at 15 Vl' o
ethanol alone or without microsomes. Nuclear Magnetic Resonance-H NMR spectra were recorded in dimeth

Optimization of Protein and Substrate Concentrations for Xanthohu- Y!-de Sulfoxide at room temperature on a Bruker DRX 600 spectrometer at 600
mol Biotransformation. To obtain an appropriate concentration of micro-2nd 150.9 MHz. Dimethyt; sulfoxide resonances at 2.5 and 39.51 ppm were
somes for biotransformation, incubations were performed using the followi§ed as internal shift referencel$d-"H correlation spectroscopy was per
microsomal protein concentrations: 0.25, 0.50, 0.75, 1.00, 1.25, 1.50, and Z@@ned using standard pulse sequences.
mg/ml. Different concentrations of XN (10, 50, 100, 200, 400, 600, or 800

OH

Fic. 1. Structure of XN, a prenylated flavonoid from hops and beer.

Materials and Methods

6002 ‘8 JaqwanoN uo Ag Blio'sjeulnofiadse pwp wolj papeojumod

M) also were used to obtain the optimal concentration for metabolite pro- Results
duction.
Time Course of Biotransformation of Xanthohumol. To study the bio- XN biotransformation was investigated by incubation of XN with

transformation of XN with respect to time, a slightly modified procedure waglicrosomes from male Sprague-Dawley rats. Four different metabo-
used. Liver microsomes from ISF-induced rats were used in these experimdites were detected and tentatively identified by HPLC, LC/MS, and
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biotransformation mediated by liver microsomes from untreated or ISF-treated
rats. Fic. 4. Metabolite formation from xanthohumol in control male rat liver

microsomes as determined by HPLC peak area.
@, metabolite 10, metabolite 2;¥, metabolite 3V, metabolite 4.

M1, a hydroxyl derivative of XN; M2, 5-(2'''-hydroxyisopropyl)-dihydro-
furano[2’,3'":3',4']-2',4-dihydroxy-8-methoxychalcone; M3, XN derivative bear-
ing an additional hydroxy substituent at ring B; M4, dehydrocycloxanthohumol.

the metabolites’ UV absorbance was equivalent to XN. These appar-
NMR analyses. Three major polar metabolites (M1, M2, and M3ntK,, andV,,,, values are presented in Table 1
were found with liver microsomes from either untreated or PB- Effects of CYP Inhibitors. The results of XNs biotransformation
pretreated rats as detected by HPLC analysis (Fig. 2A). Liver micrsem the male rat liver microsomal incubations after treatment with
somes from ISF- and BNF-pretreated rats formed another maj@rious inhibitors are presented in Fig. 5. Carbon monoxide saturation
nonpolar metabolite (M4) in addition to the other three (Fig. 2B). Thef rat liver microsomes, which inhibited CYP activity, resulted in a
retention times for XN and its metabolites were as follows: XN, 17.@ecreased formation of metabolites [M1 (66%), M2 (23%), M3
min; M1, 9.3 min; M2, 11.2 min; M3, 15.2 min; and M4, 22.0 min. No(64%), and M4 (78%)]. The biotransformation of XN was altered with
biotransformation of XN occurred in microsomal incubations that dithe addition of SKF-525A, a multiple type of CYP inhibitor, decreas-
not contain NADPH (Fig. 2C). The amounts of metabolites produceéag formation of M1, M2, M3, and M4 by 66, 41, 59, and 62%,
by rat liver microsomes varied considerably by treatment of rats witespectively. ANF, a reversible inhibitor of CYP1A, decreased M1,
different CYP inducers (Fig. 3). Figure 4 demonstrates the formatidfi2, and M4 by 55, 17, and 82%, respectively. The effect of ANF on
of XN metabolites from ISF-treated male rat liver microsomes overM3 could not be determined since ANF acted as a CYP substrate and
1.0-h incubation period. The ratio of the metabolite formation of ajave a metabolite peak at the same retention time as M3. TAO, an
three polar metabolites decreased after 20 min of incubation, but thhibitor of CYP3A enzymes in rats and humans, inhibited M1 for-
nonpolar metabolite, M4, showed a time-dependent increase. mation by 55% and other metabolites by an average of 21%. TCPO,

Kinetic parameters were calculated according to the Michaelian epoxide hydrolase inhibitor, decreased M1, M2, and M3 by 37%
Menten equation by nonlinear least-squares regression analysis (Pamd M4 by 15%. Polyclonal antibodies against rat NADPH-cyto-
ell's Method). As the absorption coefficients of metabolites werehrome P450 reductase in the incubations caused a decrease of M1,
unknown, the calculations were made according to an assumption tht®, M3, and M4 by 22, 3, 30, and 33%, respectively.
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TABLE 1 cone, trivially named DX (Stevens et al., 1997). The UV, NMR, and
Kinetic rate constants for metabolism of XN in rat liver microsomes mass spectral data of M4 were in agreement with those reported for
DX (compound 5 in Stevens et al., 1997).

Substrate Vinax Km VimadKm R . :
The maximum UV absorption of M1 was at 370 nm and gave a
nmol/min/nmol P450 M similar UV spectral pattern to XN, suggesting that it was a chalcone
m; 8'881& 8'882? ﬁgé% 25826 8‘%88‘; g'gg flavonoid. The LC/MS analysis of M1 showed a prominent Misn
M3 0.0035= 0.0006 246+ 116.39  0.00001 097 With m/z 371, suggesting that M1 was a hydroxylated metabolite of
XN 1.46+ 0.119 407.36= 79.48 0.004 0.99 XN. MS-MS fragmentation of the MH ion yielded only two frag

ment ions. The most prominent of the two hatf 353 [371— 18]*
(100%), indicating that a stable product ion is formed after loss of a
Identification of Metabolites. After preparative HPLC isolation, \yater molecule. The second daughter ionz(233, 70% intensity)
metabolites were characterized by APCI-LC/MS dhtINMR spee  resulted from cleavage of the OG;®ond with charge retention on
troscopy. The structure of M2 was determined by mass and NMRe A ring. Such A ring fragment ions are often very abundant in
spectrometry. The UV spectrum showed maximum absorption at 3y&_\s spectra of 2hydroxychalcones, due to thermal chalcone-
nm, similar to the chalcone flavonoid XN. Its molecular mass, 370 Dfgyanone isomerization in the ion source of the instrument and
suggested that it contained an additional hydroxyl group. Upafypsequent retro Diels-Alder fission of thyepyranone ring (ring C)
MS-MS fragmentation of the MH ion, loss of a water molecule, l0ssypon collisional activation (Takayama et al., 1992). Although the
of the prenyl moiety, and fission of the OC;®ond (Stevens et al., Ms-MS spectrum of M1 resembled that of xanthohumol B (DH)
1997) were most prominent, giving rise to fragments witz 353 (Stevens et al., 2000), M1 was not identical with DH by direct HPLC
[371 — 18]", 251 [Aring]", 233 [251-HO] ", 179 [A — C,HgOl",  comparison. The MS-MS pattern permitted us to conclude that the
andm/z 147 [B ring]" (Fig. 6). Proton NMR analysis of M2 (Table 2) hydroxylation site in M1 was probably on the prenyl moiety, while the
showed an OMe resonance at3.89 (singlet) and two olefinic stapility of the [MH— H,O]" fragment and exclusion of the structural
protons, Her and Hf (broad singlet a6 7.66, integrating for two candidate, DH, suggested that the prenyl substituent was fixed in a
protons). The six-proton singlets &t1.23 ands 1.14 were attributed dihydrofurano ring. It was assumed that the oxygen at Gedved as
to the two methyl groups of the prenyl moiety. The B ring protonshe hetero atom and not-BH, because the high abundance of the
H-2/H-6 and H-3/H-5, appeared as a set of doublets7ab5 and 6.84 RDA fragment indicated the presence of a fréehgdroxy function
(J = 10 Hz). The aromatic A ring proton H-gave a singlet ai 6.17.  (6'-OH is methylated in XN; with botlortho OH groups alkylated, no
These resonances clearly indicated that the A and B rings of XN hgdsource chalcone-flavanone would take place). With this, one is left
not been oxygenated. The remaining resonancégtd9 (triplet) and with several possible prenyl moieties, two of the most likely being
6 2.97 (doublet), which showed interactions with each other in t@’_isopropyLS'_hydroxydihydrofurano and’5.(2”/_hydroxyisopro_
*H-'H correlation spectroscopy spectrum, were attributed to l)-dihydrofurano. The latter structure was designated M2 on the
-CH(O)-CH,- spin system, indicating that the prenyl substituent dfasis of MS-MS and'H NMR data (see above), hence M1 was
XN was oxygenated and fixed in a dihydrofurano ring or a dimethytentatively identified as 5-isopropyl-5’-hydroxydihydro-
pyrano ring. The latter possibility was ruled out by proton NMRurano[2',3'':3',4']-2’ 4-dihydroxy-8-methoxychalcone. The posi-
comparison with DH (compound 9 in Stevens et al., 2000). Metabolifen of the hydroxy group incorporated into XN could not be deter-
M2 was therefore identified as’5(2'''-hydroxyisopropyl)- mined by NMR because the amount of M1 isolated turned out to be
dihydrofurano[2’,3'":3",4']-2',4-dihydroxy-8-methoxychalcone. insufficient.
The proton resonances of the cyclic prenyl moiety were in good The characterization of M3 was based on UV and mass spectral
agreement with those reported for’'§2-hydroxyisopropyl)- data only, as the amount of this metabolite was not sufficient for NMR
dihydrofurano[2’,3'":7,8]-6-prenylnaringenin (compound 4 in Rous-analysis. The UV spectrum of M3 appeared to be similar to that of
sis et al., 1987). XN, with a peak maximum at 375 nm suggesting a chalcone-like
M4 was produced only by liver microsomes from ISF- and BNFstructure. The molecular mass of M3 was determined to be 370 Da by
treated rats in the presence of NADPH. This metabolite eluted aff&PCI-MS, indicating that M3 was also a hydroxylated metabolite of
XN in the HPLC system, indicating that it was a nonpolar metabolitgN. MS-MS fragmentation of the MH ion resulted in loss of the
of XN. M4 was characterized as a chalcone since it gave a similar U¥enyl group (see peak atz 315 [371— 56]" in Fig. 8), while RDA
spectra to that of XN with a maximum at 374 nm. Its molecular masgagments appeared @iz 235 and 179 [235- 56]*. Loss of 56 mass
352 Da, suggested that it was a dehydro derivative of XN. It gaveuaits (G,H,) indicated that the prenyl substituent had not been- oxy
prominent A ring fragment [AH]" with m/z 233 on collisional genated during incubation with liver microsomes. This is consistent
activation in LC/MS-MS experiments. The product failed to produogith the metabolite’s failure to produce “dehydrated” ions (e.g.,
fragment ions associated with loss of water or loss of the prerjiIH — H20]") upon MS-MS spectra of the hydroxyprenyl deriva
moiety, indicating that the prenyl group of XN was fixed in a ditives, M1 and M2. Neither was the A ring metabolically modified: this
methylchromeno ring with the hydroxy group at Cdelivering the piece of information was deduced from the peaknét 179, attribut-
hetero atom (Fig. 7)'H NMR analysis confirmed this hypothesisable to an RDA fragment ion also observed in MS-MS spectra of XN.
(Table 2). The'H spectrum showed two olefinic protons (M-and  Although none of the fragment ions could be related to the B ring
H-5"") at$ 6.71 and 5.48J = 10 Hz), respectively. The d-and HB8 itself because of charge retention on the A ring, it was concluded from
protons resonated &t7.77 (singlet integrating for two protons). Otherthe MS data that the oxygenation site was on the B ring (C-2 or C-3)
signals were attributed to gemdimethyl group § 1.47, singlet, six of XN. A summary of the pathways for metabolism of XN to M2, M3,
protons), H-5 (singlet até 5.93), 8-OMe (5 3.93), 4-OH 610.11), M4, and M1 with proposed intermediates is shown in Figs. 9 and 10.
and to 2-OH (8 14.61). These assignments were in agreement with
1H-3C interactions observed in the heteronuclear multiple-bond cor
relation spectroscopy spectrum of M4. Thus, M4 was identified'as 6 In this study, we characterized the in vitro metabolism of XN by rat
6''-dimethylpyrano-[2',3'":3',4']-2',4-dihydoxy-6-methoxychal- liver microsomes. Untreated male rat liver microsomes converted XN

Discussion
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Fic. 5. Effect of various P450 inhibitors on xanthohumol metabolites produced by isosafrole-induced rat liver microsomes.

to three major metabolites, namely M1, M2, and M3 (Fig. 2A). The Liver microsomes from rats pretreated with the CYP1A inducers,
formation of these metabolites required NADPH and was inhibited h$F and BNF (Lewis, 1996), yielded the three same polar metabolites
100% carbon monoxide and SKF-525A, confirming the role of CYPlus an additional nonpolar metabolite, designated M4. LC/MS and
in XN biotransformation by rat liver (Fig. 5). Liver microsomes fromNMR analyses showed that M4 was identical to the structure of DX
rats pretreated with PB, an inducer of CYP2B1 and CYP2B2 (Lewigreviously reported by Stevens et al. (1997). This metabolite is
1996), metabolized XN to the same three major metabolites as foymr@sumably formed by three consecutive reactions: 1) epoxidation of
in untreated rats but in slightly different proportions (Fig. 3). Théhe prenyl group possibly catalyzed by CYP; 2) nucleophilic attack by
experiments indicated that M2 formation by liver microsomes froi®-4' at the C-3' of the epoxidated prenyl group yielding the cyclic
untreated rats followed Michaelis-Menten kinetics (Table 1) as did tiéN derivative, DH (Stevens et al., 2000); and 3) dehydration (Fig. 9).
production of M1 and M3, but the formation of the latter two metab- The most significant finding in this study was that the prenyl group
olites by liver microsomes from untreated rats had much less favamn-the A ring of prenylchalcones is a major site for hepatic metabo-
able kinetic parameters than that of M2 (apparént,/K,, relative lism. The formation of metabolites such as M2 and M4 suggests that
ratios of 0.0004 and 0.00001 versus 0.0008). modification of the prenyl substituent, induced by epoxidation of the
On the basis of multi-wavelength HPLC, LC/MS analysis, aHd double bond, constitutes a major metabolic pathway of prenylated
NMR analysis, M1 and M2 were both identified as hydroxylateflavonoids (Fig. 9), although it has been reported that catechol for-
isopropyldihydrofurano derivatives of XN. Metabolite 4 was identimation on the B ring of nonprenylated flavonoids was a major site for
fied as the dimethylchromeno analog, DX. These metabolites &&P hydroxylation (Nielsen et al., 1998).
assumed to be derived from a prenyl epoxide intermediate (Fig. 9)As shown in Fig. 9, we hypothesize that the formation of M1, M2,
which is in line with earlier findings that hydroxylated pyrano andnd M4 proceeds via an initial epoxidation reaction involving the
furano derivatives are common fungal metabolites of prenylated flprenyl group. As TCPO, an epoxide hydrolase inhibitor, did not result
vonoids that are thought to be formed via a prenylepoxide intermie- a substantial inhibition of M1, M2, or M4, it seems likely that
diate (Tanaka and Tahara, 1997). microsomal epoxide hydrolase was not involved in the formation of
LC/MS analysis of the liver microsomal incubations allowed M3 tthese metabolites. However it is possible that hydrolysis of prenyl
be characterized as 2- or 3-hydroxyxanthohumol. The formation epoxide metabolites could be catalyzed by contaminating soluble
M3 is consistent with the observation that flavonoids witpaza- epoxide hydrolase, an enzyme not inhibited by TCPO (Moghaddam et
hydroxy group on the B ring tend to be hydroxylated by microsomal., 1996). Alternatively, the epoxide could be opened spontaneously
enzymes to the corresponding catechdt43dihydroxylated) struc- in the absence of enzyme catalytic activity, which gains support from
ture (Nielsen et al., 1998). the observation that epoxidation of XN with-chloro peroxybenzoic
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Fic. 6. LC/MS-MS spectrum of M2.

TABLE 2 enzymes in its formation. Thus, the CYP1A family seems to be more
'H NMR data for metabolites of XN5[, ppm, mult. (J in Hz)] involved in the formation of M3 and M4 than M1 and M2. Also, the
H V2 M4 — Dx high inhibitory activity (82% inhibition) of ANF, a selective CYP1A

B . — |nh|b|t9r, toward M4 formatnlon supports the conclusion that M4
H-ce 7665 7775 formation was catalyzed mainly by CYP1A enzymes.
2,6 7.55d (8.2) 7.53d (8.9) The formation of multiple XN metabolites points to the involve-
2;5 6~864g7(§-3) 6-%833(8-4) ment of more than one CYP in the biotransformation of this plant
e 2.97d(9.1) 6.71d (150.4) flavonoid. The constitutive forms of CYPs could be the major cata-
5" 4.69t (9.1) 5.48d (10.0) lysts for the formation of M1, M2, and M3, since all of these
6’,’-'\/'65 1.47s metabolites were produced in untreated rat liver microsomes. Studies
fli,f,C’)'\?/)',(?,_Mes 1_23'38?_3145 3.93s are currently underway to provide conclusive evidence of the role of

individual CYPs in the biotransformation of XN by carrying out
metabolism experiments using individual CYPs, such as cDNA-
acid yielded DH and DX, whereas the parent epoxide could not Bgpressed human CYPs.

isolated or detected (unpublished results). TCPO also caused a smallo determine whether CYP3As were involved in the formation of M1,
reduction in the formation of M3, suggesting a partial inhibition of thé12, M3, and M4, the CYP3A inhibitor, TAO, was added to the incuba-
hydroxylating CYP as shown previously by Shimada and Sato (1979pn mixture containing ISF-induced rat liver microsomes. TAO caused

As the CYP inhibitors used in this study did not completely inhibienly a 55% inhibition of M1 and a 21% inhibition for M2, M3, and M4.
metabolite formation, other rat CYPs or some other oxygenases nidys was in agreement with the findings of Nielsen et al. (1998), who
be involved in the epoxidation of XN (Tanaka and Tahara, 1997&howed that TAO does not appreciably inhibit the metabolism of fla-
Some of these enzymes are insensitive to the CYP inhibitors used/@moids. This modest inhibition of metabolite formation by TAO indi-
this study, which could explain why M1, M2, and M4 formation wereates that CYP3As may not significantly contribute to the biotransfor-
not inhibited totally. mation of XN, with the probable exception of M1 formation.

The amount of XN metabolites produced by rat liver microsomes Demethylation was not observed during the metabolism of XN by
was influenced by the use of various CYP inducers (Fig. 3). Wheat liver microsomal enzymes. None of the metabolites was identified
compared with ISF- and BNF-treated rats, the formation of M1 aras desmethyl xanthohumol by LC/MS comparison with an authentic
M2 was significantly higher in incubations of XN with liver micro- sample isolated previously by Stevens et al. (1997). By contrast, other
somes of untreated rats. These results suggest that the CYP1A fiaebnoids withO-methyl groups have been found to undergo demeth-
CYP2B families may be involved in the formation of M1 and, to glation reactions (Nielsen et al., 1998). The presence of a prenyl group
lesser extent, M2. Metabolite 3 was produced in greater amountsibythe A ring may preclude CYP-catalyzé&tdemethylation of XN,
the liver microsomes of ISF-treated rats than all other groups. M4 wiasssibly due to limited acceptability of the substrate as a result of
the only metabolite produced by the liver microsomes of ISF- arsderic hindrance.

BNF-treated rats, presumably due to the involvement of the CYP1AFlavonoids display a wide range of biological effects, including
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Fic. 8. LC/MS-MS spectrum of M3 (a hydroxyl derivative of xanthohumol).

antiallergic, anti-inflammatory, antiviral, and anticarcinogenic prop- Human exposure to XN, the principal flavonoid of hops, would be
erties. They have been used in attempts to treat a variety of hunpaimarily through the drinking of beer or ingestion of dietary supple-
diseases (So et al., 1996). Prenylated and nonprenylated flavonaitmts containing hop extracts (Miranda et al., 2000). It was shown
are present in the normal diet and in herbal supplements, but infdrat XN inhibited bone resorption, and subsequently XN has been
mation on the biotransformation of these compounds is limited. Fpatented as a drug for osteoporosis treatment (U.S. Patent and Trade-
example, these flavonoids could be metabolized by CYPs to physioark Office, 1997). XN may be a candidate for cancer chemopreven-
logically active metabolites, and the biotransformation products couidn, as it has been reported that XN induced quinone reductase, a
affect the activity of CYPs that are involved in carcinogen activatiodetoxifying enzyme, in wild-type Hepa 1clc7 cells (Miranda et al.,

or detoxification. 2000) and inhibited the growth of human MCF-7 breast cancer cells
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M1 (See figure 10)

DH M4
Fic. 9. Proposed biotransformation pathway of xanthohumol to M2, M3, and M4 by rat liver microsomes.

Reaction steps: a, CYP hydroxylase; b, CYP epoxidase; c, nucleophilic attack’ a{¢l@mical); d, cyclization (chemical); e, nucleophilic attack at’'C{@hemical);
f, cyclization (chemical); g, dehydration (chemical).
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Fic. 10. Proposed biotransformation pathway of xanthohumol to M1 by rat liver microsomes.

Reaction steps: a, CYP epoxidase; b, epoxide hydrolase; c, dehydration (chemical); d, keto-enol tautomerism; e, furano ring formation mulatraoeé®philic
attack at the carbonyl carbon (chemical).

(Miranda et al., 1999). Although XN is known to inhibit CYP1A Acknowledgments.We thank Dr. C. L. Miranda and M. C. Hen-
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The present findings may shed a different light on the biologicalaffinity chromatographyAnal Biochem62:39-46. , ‘
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. . . L .. Arch Toxicol SuppR0:237-248.
various XN metabolites and to determine whether similar metab0|lt@§ninsky LS, Fasco MJ and Guengerich FP (1981) Production and application of antibodies to
are produced by rats and humans in vivo. The biological activities ofat liver cytochrome P-45Methods Enzymal4 (C):262-272. _ )
these metabolites and their involvement in cancer chemoprevent!dj PH: Jung EA Sohng IS, Han JA, Kim TH and Han MJ (1998) Intestinal bacterial

N i etabolism of flavonoids and its relation to some biological activitkesh Pharm Res
also remain to be established. 21:17-23.

6002 ‘8 JaqwanoN uo Ag Blio'sjeulnofiadse pwp wolj papeojumod


http://dmd.aspetjournals.org

DMD

Qspet®P DRUG METABOLISM e DISPOSITION

IN VITRO BIOTRANSFORMATION OF A FLAVONOID, XANTHOHUMOL 231

Lewis DFV (1996)Cytochromes P450: Structure, Function and MechaniBaylor and Francis Shimada T and Sato R (1979) Inhibition of mono-oxygenase activities by 1,1,1-tichloropropene
Press, England. 2,3-oxide, an inhibitor of epoxide hydrase, in rat liver microson&gischem Pharmacol
Miranda CL, Aponso GL, Stevens JF, Deinzer ML and Buhler DR (2000) Prenylated chalcone®8:1777-1781.
and flavanones as inducers of quinone reductase in mouse Hepa 1lclcTasalier Lett So FV, Guthrie N, Chambers AF, Moussa M and Carroll KK (1996) Inhibition of human breast
149:221-29. cancer cell proliferation and delay of mammary tumorigenesis by flavonoids and citrus juices.
Miranda CL, Stevens JF, Helmrich A, Henderson MC, Rodriguez R, Yang YH, Deinzer ML, Nutr Cancer26:167—-181.
Barnes D and Buhler DR (1999) Antiproliferative and cytotoxic effects of prenylated fla&Stevens JF, lvancic M, Hsu VL and Deinzer ML (1997) Prenylflavonoids frumulus lupulus
vonoids from hops Humulus lupulup in human cancer cell lines-ood Chem Toxicol Phytochemistry}4:1575-1585.
37:271-285. Stevens JF, Taylor AW, Nickerson GB, Ivancic M, Henning J, Haunold A and Deinzer ML
Moghaddam M, Motoba K, Borhan B, Pinot F and Hammock BD (1996) Novel metabolic (2000) Prenylflavonoid variation idumulus lupulusDistribution and taxonomic significance
pathways for linoleic and arachidonic acid metaboli§iochim Biophys Actd4290327-339. of xanthogalenol and’40-methylxanthohumolPhytochemistrys3:759—-775.
Nielsen SE, Breinholt V, Justesen U, Cornett C and Dragsted LO (1998) In vitro biotransfdrakayama M, Fukai T, Hano Y and Nomura T (1992) Mass spectrometry of prenylated

mation of flavonoids by rat liver microsomeXenobiotica28:389—-401. flavonoids.Heterocycles33:405-434.
Omura T and Sato R (1964) The carbon monoxide-binding pigment of liver microsomes.Tenaka M and Tahara S (1997) FAD-dependent epoxidase, a key enzyme in fungal metabolism
Evidence for its hemoprotein natur& Biol Chem239:2370-2378. of prenylated flavonoidsPhytochemistr@6:433—439.
Roberts-Kirchhoff ES, Crowley JR, Hollenberg PF and Kim H (1999) Metabolism of genisteld.S. Patent and Trademark Office (1997) United States Patent Number 5,679,716.
by rat and human cytochrome P45@hem Res Toxicdl2:610—616. Williams DE and Buhler DR (1984) Benzo[a]pyrene-hydroxylase catalyzed by purified isozymes
Roussis V, Ampofo SF and Wiemer DF (1987) Flavanones ftamchocarpus minimiflorus of cytochrome P-450 from beta-naphthoflavone-fed rainbow tBigtchem PharmacoB3:
Phytochemistry26:2371-2375. 3743-3753.

6002 ‘8 JaqwanoN uo Ag Blio'sjeulnofiadse pwp wolj papeojumod


http://dmd.aspetjournals.org

