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ABSTRACT:

N-Deacetyl ketoconazole (DAK) is the major metabolite of orally
administered ketoconazole. This major metabolite has been dem-
onstrated to be further metabolized predominately by the flavin-
containing monooxygenases (FMOs) to the secondary hydroxyl-
amine, N-deacetyl-N-hydroxyketoconazole (N-hydroxy-DAK) by
adult and postnatal rat hepatic microsomes. Our current investi-
gation evaluated the FMO isoform specificity of DAK in a pyro-
phosphate buffer (pH 8.8) containing the glucose 6-phosphate
NADPH-generating system. cDNA-expressed human FMOs (FMO1,
FMO3, and FMO5) and cDNA-expressed rabbit FMOs (FMO1,
FMO2, FMO3, and FMO5) were used to assess the metabolism of
DAK to its subsequent FMO-mediated metabolites by HPLC anal-
ysis. Human and rabbit cDNA-expressed FMO3 resulted in exten-
sive metabolism of DAK in 1 h (71.2 and 64.5%, respectively) to

tabolites, metabolite 1 (11.7 and 7.8%, respectively) and metabolite
3 (10.5 and 10.0%, respectively). Previous studies suggest that
metabolite 1 is the nitrone formed after successive FMO-mediated
metabolism of N-hydroxy-DAK. Moreover, these studies display
similar metabolic profiles seen with adult and postnatal rat hepatic
microsomes. The human and rabbit FMO1 metabolized DAK pre-
dominately to the N-hydroxy-DAK in 1 h (36.2 and 25.3%, respec-
tively) with minimal metabolism to the other metabolites (=5%).
Rabbit FMO2 metabolized DAK to N-hydroxy-DAK (15.9%) and
metabolite 1 (6.6%). Last, DAK did not appear to be a substrate for
human or rabbit FMO5. Heat inactivation of cDNA-expressed
FMOs abolished DAK metabolite formation. These results suggest
that DAK is a substrate for human and rabbit FMO1 and FMOS,
rabbit FMO2, but not human or rabbit FMO5.
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N-hydroxy-DAK (48.2 and 47.7%, respectively) and two other me-

Ketoconazole (KT is a prominent broad-spectrum oral antifungabccurring within 3 to 6 months (Janssen and Symoens, 1983; Benson
agent used in the treatment of systemic mycoses (Ringel, 1990). Kffal., 1988). Apoptosis through the p53-dependent pathway (Ho et al.,
exerts its antifungal activity by inhibiting lanosterold4lemethylase 1998) and metabolic bioactivation to reactive metabolites (Rodriguez
(Van Den Bossche et al., 1980). Also, the inhibitory effect of KT oand Acosta, 1997a; Rodriguez et al., 1999) have been suggested for
the synthesis of testosterone in both testicular and adrenal cells thes toxicity. KT appears to be extensively metabolized by hepatic
made KT a suitable candidate for treatment of androgen-dependaigrosomal enzymes that are primarily responsible for the biotrans-
diseases such as advanced prostate cancer (Pont et al., 1984; Jubiliation reactions (Gascoigne et al., 1981; Daneshmend and War-
and Hogan, 1989; Vogelzang and Kennealey, 1992). Due to theck, 1988). The metabolic pathways suggested include cytochrome
extensive therapeutic usage of KT, there have been numerous dde450 (CYP)-mediated oxidation, cleavage, degradation, and scission
mented cases of KT-induced hepatotoxicity (Bercoff et al., 1988f the imidazole and piperazine rings; oxidati@edealkylation; and
Benson et al., 1988; Brusko and Marten, 1991). Biochemical featu@@®matic hydroxylation (Heel et al., 1982; Daneshmend and Warnock,
related to KT hepatotoxicity tend to be hepatocellular injury in 57% ¢§988).N-Deacetyl ketoconazole (DAK), Fig. 1, has been reported to
the patients and cholestatic injury in 43% of the patients (Strickerlé@ the major metabolite in mice that accumulates to significant levels
al., 1986) and that the type of hepatic injury is zone 3 necrodfd hepatic tissues (Whitehouse et al., 1994a,b). Also, two flavin-
(Stricker et al., 1986; Benson et al., 1988). The hepatotoxicity w&gNtaining monooxygenase (FMO)-mediaféexide metabolites of

usually reversible when the drug was discontinued, with recovefyf have been isolated from mouse liver (Whitehouse et al., 1994a).
Moreover, a recent study demonstrated that DAK was further metab-

olized by FMO to produce a secondary hydroxylamiNejeacetyl-
N-hydroxyketoconazoleN-hydroxy-DAK, Fig. 1) from rat hepatic
microsomes (Rodriguez et al., 1999). The formation of the aforemen-
tioned metabolites appears to be CYP- and/or FMO-mediated.

It is possible that the hepatotoxicity associated with KT may be due
to the bioactivation of DAK by successive oxidative attacks by FMO
on the piperazine ring to generate a secondary hydroxylanhne,
hydroxy-DAK, which may be further metabolized by FMO to gener-
ate a nitrone, an aldehyde, oxime, and a ring-opened dialdehyde that
1083

' Abbreviations used are: KT, ketoconazole; DAK, N-deacetyl ketoconazole;
N-hydroxy-DAK, N-deacetyl-N-hydroxyketoconazole (cis-4-[4-[[2-(2,4-dichloro-
phenyl)-2-(1H-imidazol-1-ylmethyl)-1,3-dioxolan-4-yllmethoxy]phenyl]-1-
hydroxypiperazine); FMO, flavin-containing monooxygenases; CYP, cytochrome
P450.
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Fic. 1. FMO-mediated metabolism of DAK to N-hydroxy-DAK.

could eventually result in toxic consequences producing hepatic in- Results

jury. To date, our studies have been the first to demonstrate that DAKFigure 2 shows a representative HPLC chromatogram of the me-
undergoes extensive metabolism to several FMO-mediated metap@s i« of DAK after a 1-h incubation period of DAK and the
lites by rat hepatic microsomes; in particulbthydroxy-DAK (Ro-  cpNA-expressed human FMO3 in the NADPH-generating system,
driguez and Acosta, 1997a; Rodriguez et al., 1999). Also, our previgy g 8. The retention times for DAK and its metabolites were: DAK,
study in adult rats suggested that gender differences may have pre min; metabolite 1 (M1), 8.0 mirly-hydroxy-DAK, 8.9 min; and
duced different metabolic profiles (Rodriguez et al., 1999Hy- metabolite 3 (M3), 9.5 minN-Hydroxy-DAK was the predominant
droxy-DAK was the predominant metabolite of DAK formed from thenetabolite peak formed at all time points evaluated from both the
male and female hepatic microsomes; however, the formation of BNA-expressed human and rabbit FMO1 and FMO3 incubations.
two metabolites, metabolite 1 and metabolite 3, was significantly lesnimal formation of M1 and M3 was seen with the cDNA-expressed
in the female rats than in the male rats (Rodriguez et al., 1999). It Hasman and rabbit FMO1.

been reported that FMO3 and FMO5 are gender-independent in rat-igure 3 demonstrates the disappearance of DAK and the formation
whereas FMO1 appears to be selective to the male rat (Cherringto@feits metabolites from the cDNA-expressed human FMO1 over the
al., 1998). Thus, our current objective was to evaluate the FMbh incubation period. DAK was metabolized by 43t72.0% pri-
isoform specificity and species differences of DAK from cDNA-Marily to N-hydroxy-DAK (36.2 = 0.8%). Minimal metabolism to

expressed human and rabbit FMOs. M1 and M3 occurred with FMO1<(4%). In Fig. 4, extensive me-
tabolism of DAK (71.2+ 7.7%) toN-hydroxy-DAK (48.2 = 4.4%)
Materials and Methods and the two other metabolites, M1 (11#7 1.2%) and M3 (10.5-

) ) ) ) 1.2%), occurred with cDNA-expressed human FMO3. There was no
Chemicals. All chemicals were from Sigma Co. (St. Louis, MO) unlessmec}fbolism of DAK with the cDNA-expressed human FMO5. In
t

otherwise stated. cDNA-expressed human FMOs, Supersomes, were purchg%e ion, incubations with 5aM DAK produced an identical meta-
from Gentest Corp. (Woburn, MA). DAK was a generous gift from Janss%'nolic '

Pharmaceutica (Beerse, Belgium). cDNA-expressed rabbit FMOs were a gen- profile as the 10QuM DAK. incubation (Fiata no_t Showf’)'

. ; : . . : In the cDNA-expressed rabbit FMO1 1-h incubation period, DAK
erous gift from Dr. Richard M. Philpot (National Institute of Environmental bolized ri v by 30.5 620 N-hvd DAK
Health Sciences, Laboratory of Signal Transduction, Research Triangle P4/gS Metabolized primarily by 30.5 6.2% to N-hydroxy-

NC). Solvents used for HPLC analysis were HPLC grade. (25.3 = 1.6%). Minimal metabolism to M1 occurred with FMO1

Metabolic Assays.n vitro metabolism of DAK by cDNA-expressed FMOs (23 * 1.1%), a!thOUQh there was no M3 formation. In Fig. 5, rabbit
was a modified procedure (Miranda et al., 1991). The incubation mixtufeMO2 metabolized DAK toN-hydroxy-DAK (15.9 + 1.6%), M1
consisted of 0.1 mg of cDNA-expressed FMO protein, 100 mM glycine-26-6 = 0.6%), and M3 (1.3t 0.2%). Extensive metabolism of DAK
mM pyrophosphate buffer, pH 8.8, 50 and 1M DAK, and the NADPH- t0 N-hydroxy-DAK (47.7 = 6.6%), M1 (7.8 = 0.3%), and M3
generating system (10 mM glucose 6-phosphate, 1.0 U/ml of glucose{80.0= 7.0%) occurred with cDNA-expressed rabbit FMO3. Like the
phosphate dehydrogenase, and 1 mM NADEh a total volume of 0.5 ml. cDNA-expressed human FMO5, there was no metabolism of DAK
After 0.25, 0.5, ad 1 h ofincubation at 37°C with shaking, the reaction waswith the cDNA-expressed rabbit FMO5 (data not shown).
terminated with 0.5 ml of ice-cold methanol with 0.5% v/v formic acid and
cooled on ice. Proteins were precipitated by centrifugation at 14,8015 Discussion

min at 4°C, and aliquots of the supematant were analyzed by HPLC askT appears to be extensively metabolized by hepatic microsomal
described below. cDNA-expressed FMO activity was inhibited by heat inagnzymes that are primarily responsible for the biotransformation re-
tivation to determine the effect of heat treatment on FMO activity (Ziegleﬁctions (Gascoigne et al., 1981; Daneshmend and Warnock, 1988)

1980). The cDNA-expressed FMOs were heated at 50°C for 90 s before addﬁ]ﬂK has been reported to be the major metabolite of KT in mice that

them fo the incubation mixture. Negative controls without the NADPHéc umulates to significant levels in hepatic tissues (Whitehouse et al.,

generating system and the control insect cell line microsomes (nonexpres_ls_,g 4a,b). Previous studies suggest that DAK may be responsible, in

FMO) with the NADPH-generating system were performed. In addition

positive controls using 1 mM thiobenzamide with and without the NADPHpart’ for the hepatotoxicity associated with KT (Rodriguez and

generating system were performed using the method of Cashman and Haréﬁ?Sta’ 1997b). DA_K Wa§ more cytotoxic than KT in a time- and
(1981). dose-response relationship using postnatal (8—10-day-old) rat hepa-

HPLC. HPLC analysis for DAK and its metabolites was performed with 40€Ytes (Rodriguez a”‘?' Acosta, 1997b)- Furthermo!’g, the toxicity of
Waters system (Milford, MA) that consisted of a Waterg §ymmetry column DAK was enhanced with octylamine, a known positive effector for
connected to a Waters Alliance 2690 solvent delivery system, Waters 9oB1O as well as a CYP-inhibitor (Cashman and Ziegler, 1986), and
photodiode array detector, Waters 2690 autosampler, and Millennium Chestppressed with methimazole, a competitive substrate for FMO (Ro-
matography software version 3.0. DAK and its metabolites were eluted wilifiguez and Acosta, 1997b). It is possible that the hepatotoxicity
0.005 M ammonium formate (pH 4.5) and 20 to 60% acetonitrile at a flow ragssociated with KT may be due to the bioactivation of DAK by
of 1.0 ml/min, with UV detection at 220 nm (Rodriguez et al., 1999). successive oxidative attacks by FMO on the piperazine ring to gen-
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Fic. 2. High performance liquid chromatogram of DAK'’s metabolism raftéh of incubation in an NADPH-generating system, pH 8.8, using cDNA-expressed human
FMO3.

Retention times: DAK, 7.5 min; metabolite 1, 8.0 mMhydroxy-DAK, 8.9 min; and metabolite 3, 9.5 min.

100 100 ¢
901 90
80 S 801
< 704 < 70
T 603 ® 601
[} [H
a 504 a 50
g 404 T 401
o 304 o 301
2 204 e 207
10 104
I F————r——r———T A o7
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Hours Hours
Fic. 3. Metabolite formation from DAK from cDNA-expressed human FMO1 as Fe. 8. Metabo'llﬁofcz)rgﬂsa t!ic;rt]efrrr:)]:zezAbi; flzopnﬂéligg;e;%r;ssed repbitlung

determined by HPLC peak area.
@, DAK; A, metabolite 1fl, N-hydroxy-DAK; and®, metabolite 3. The error ®, DAK; A, metabolite 1M, N-hydroxy-DAK; and#, metabolite 3. The error
bars represent the S.Dn & 3).

bars represent the S.Dn & 3).
hepatic microsomes metabolize DAK primarily to thehydroxy-

100 DAK (Rodriguez and Acosta, 1997a; Rodriguez et al., 1999). Also,
s gg: our previous studies suggest that M1 had a molecular weight of 503,
& 70 which is consistent with the formation of a nitrone from the FMO-
X 60 mediated metabolism df-hydroxy-DAK (Rodriguez et al., 1999).
S 50 i Formation of M1 and M3 increased in a time-dependent manner after
5 40 formation ofN-hydroxy-DAK (Figs. 3-5). Last, the metabolic profile
E 30 for the 50uM DAK incubation was identical with the 10@M DAK
® 20 incubation (data not shown). This study supports further FMO-medi-
10 ated metabolism olN-hydroxy-DAK from human and rabbit FMOs;
0 T . however, it is possible that the unidentified M3 may be a decompo-
0 0.25 0.5 0.75 1 sition product. Continued efforts are being made to identify M3.
Hours The metabolism of DAK appears to be nonlinear after 0.25 h (Fig.
Fic. 4. Metabolite formation from DAK from cDNA-expressed human FMO3 ag). It is possible that the end-produdi-hydroxy-DAK, may have
determined by HPLC peak area. inhibited the human and rabbit FMO3 reaction of DAKNehydroxy-
bar:‘rgg};; ;t?]‘?fg’g;tzlsv N-hydroxy-DAK; and#, metabolite 3. The error paAK. N-Hydroxy-DAK does not appear to have an inhibitory effect
‘ ' on human and rabbit FMO1. DAK was a substrate for rabbit FMO2

that formedN-hydroxy-DAK, M1, and M3 (Fig. 5). Last, no metab-
erate a secondary hydroxylamiré-iydroxy-DAK) (Rodriguez et al., olism of DAK was seen with either the human or rabbit FMO5.
1999) that may be further metabolized by FMO to generate a nitrone Because minimal M1 and M3 metabolites were formed with the
an aldehyde, oxime, and a ring-opened dialdehyde that could everfuman and rabbit FMO1N-hydroxy-DAK did not appear to be a
ally result in toxic consequences producing hepatic injury. Our earlisnbstrate for FMO1. Although there was an increas&l-imydroxy-
studies demonstrated that adult (male and female) and postnatalDrAK formation from DAK, it is possible thaN-hydroxy-DAK may
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have inhibited the reaction to prevent further metabolism to M1 argdshman JR and Ziegler DM (1986) Contribution of N-oxygenation to the metabolism of MPTP

M3. On the other hand, human and rabbit FMO3 and rabbit FMO lg—.TGe;rl)ilg;—phenyl—l,z,3,6-tetrahyropyr|dme) by various liver preparatibted. Pharmacol

appeared to further metabolidehydroxy-DAK to M1 and M3. This  cherrington NJ, Cao Y, Cherrington JW, Rose RL and Hodgson E (1998) Physiological factors
substrate specificity of DAK anm-hydroxy-DAK may exp|ain the affecting protein expression of flavin-containing monooxygenases 1, 3, aXeribiotica

. . . . .28:673-682.
gender differences seen in the metabolic proflle of adult rats (ROdlf)‘éneshmend TK and Warnock DW (1988) Clinical pharmacokinetics of ketoconaztite.

guez et al., 1999). In the Rodriguez et al. (1999) study, the metaboliteharmacokinet4:13-34.
formation of M1 and M3 fronN-hydroxy-DAK from female hepatic Dannan GA, Guengerich FP and Waxman DJ (1986) Hormonal regulation of rat liver microso-

. . A mal enzymesJ Biol Chem261:10728-10735.
microsomes was less than the male. Previous studies have showndh&bigne Ew, Barton GJ, Michaels M, Meuldermans W and Heykants J (1981) The kinetics of

male rats have higher FMO activity than female (Skett et al., 1980ketoconazole in animals and me@lin Res Rew:177-187.

X . . . eel RC, Brogden RN, Carmine A, Morley PA, Speight TM and Avery GS (1982) Ketoconazole:
Dannan et al., 1986; Lemoine et al., 1991)' The hlgher activity may BQ\ review of its therapeutic efficacy in superficial and systemic fungal infecti@sigs

due to the fact that FMO3 and FMO5 are gender-independent in rab3:1-36.

whereas FMO1 appears to be selective to the male rat (Cherringtof®t-S: Tsai P-W, Yu C-F, Liu H-L, Chen R-J and Lin J-K (1998) Ketoconazole-induced
optosis through P53-dependent pathway in human colorectal and hepatocellular carcinoma

al.,, 1998). DAK appears to be a substrate for FMO1, FMO2, ancﬁsu lines. Toxicol Appl Pharmacol53:39—47.
FMO3, WhereaN-hydroxy_DAK appears to be a substrate for FMO2anssen PA and Symoens JE (1983) Hepatic reactions during ketoconazole tream&ed
and FMO3. It still needs to be determined whethihydroxy-DAK 74:80-85.

N . Jubelirer SJ and Hogan T (1989) High dose ketoconazole for the treatment of hormone refractory
is a substrate for FMO5. These studies support the theory that DAkKnetastatic prostate carcinoma: 16 cases and review of the literatunal 142:89-91.
would still be metabolized tN-hydroxy-DAK in female rats but not Lemoine A, Williams DE, Cresteil T and Leroux JP (1991) Hormonal regulation of microsomal

i . flavin-containing monooxygenase: Tissue-dependent expression and substrate spédificity.
to the same extent as seen in the male rats due to the |SOforBharmacoMO:zgl—le Yo P P pasdlely

specificity. Miranda CL, Chung W, Reed RE, Zhao X, Henderson MC, Wang JL, Williams DE and Buhler

i i i i H DR (1991) Flavin-containing monooxygenase: A major detoxifying enzyme for the pyrroliz-
X In.conclu5|0n, this SIUdy Support,S our Or!gmal proposal t,hat bl(.)aC idine alkaloid senecionine in guinea pig tissug®chem Biophys Res CommLir8:546 -552.
tivation of DAK through FMO-mediated oxidation on the piperazin@ont A, Graybill JR, Craven PC, Galgiani JN, Dismukes WE, Reitz RE and Stevens DA (1984)
ring generates a secondary hydroxylamiNdJydroxy-DAK, that is High-dose ketoconazole therapy and adrenal and testicular function in huArahsintern

. . . . Med 144:2150-2153.
susceptlble to further FMO-mediated oxidative attacks. Moreov%ngel SM (1990) New antifungal agents for the systemic mycddgsopathologial09:77—87.

FMO isoform specificity of the substrate appears to play a role in tfRedriguez RJ and Acosta D (1997a) Metabolism of ketoconazole and deacetylated ketoconazole

metabolism of DAK andN-hydroxy-DAK If both oxidation and by rat hepatic microsomes and flavin-containing monooxygena3asy Metab Dispos
’ 25:772-777.

reduction reactions of DAK anbli-hydroxy-DAK occur rapidly, the Rrodriguez RJ and Acosta D (1997b) N-deacetyl ketoconazole-induced hepatotoxicity in a
tissue NADPH concentrations could be depleted (Ziegler, 1988)primary culture system of rat hepatocyt@axicology117:123-131.

. . odriguez RJ, Proteau PJ, Marquez B, Hetherington CL, Buckholz CJ and O’Connell KL (1999)
thereby resultlng in a loss of cellular NADPH that would affect g Flavin-containing monooxygenase-mediated metabolism of N-deacetyl ketoconazole by rat

number of cellular processes resulting in toxic consequences. LaStgpatic microsomeDrug Metab Dispo27:880—886.

this study also Supports that the FMO-mediated metabolism of DAJkett P, Mode A, Rafter J, Sahlin L and Gustafsson J-A (1980) The effects of gonadectomy and
hypophysectomy on the metabolism of imipramine and lidocaine by the liver of male and

to N-hydroxy-DAK seen in adult and postnatal rat hepatic microsomesemate ratsBiochem Pharmacd9:2759—-2762.
also occurs with human and rabbit FMOs. In summary, FMO meta$sicker BHC, Blok APR, Bronkhorst FB, Van Parys GE and Desmet VJ (1986) Ketoconazole-

: H e associated hepatic injury a clinicopathological study of 55 cakétepatol3:399—-406.
olism of DAK andN_hydrOXy_DAK appears t‘? be |soform—spe0|f|c InVan Den Bossche H, Willemsens G, Cools W, Cornelissen F, Lauwers WF and Van Cutsen JM
both the cDNA-expressed human and rabbit FMOs. (1980) In vitro and in vivo effects of the antimycotic drug ketoconazole on sterol synthesis.
Antimicrob Agents Chemothé7:922-928.
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