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ABSTRACT Racemic ketoconazole (KTZ) was the first orally active azole antifungal
agent used in clinical practice and has become widely used in the treatment of mucosal
fungal infections associated with AIDS immunosuppression and cancer chemotherapy.
However, the use of KTZ has been limited because of adverse drug–drug interactions.
KTZ blocks ergosterol biosynthesis by inhibiting the fungal cytochrome P450 (CYP51).
KTZ is also a potent inhibitor of human cytochrome P450 3A4 (CYP3A4) enzyme, the
major drug-metabolizing CYP isozyme in the human liver. We examined the
enantioselective differences of KTZ in the inhibition of human CYP3A4 and in antifungal
action.Dextro- and levo-KTZ exhibited modest enantioselective differences with respect to
CYP3A4 inhibition of testosterone and methadone metabolism. For both substrates levo-
KTZ was approximately a 2-fold more potent inhibitor. We examined the enantioselective
differences in the in vitro activity of KTZ against medically relevant species ofCandida and
Aspergillus, as well asCryptococcus neoformans. Overall, levo-KTZwas 2–4-foldmore active
than dextro-KTZ. Therefore, levo-KTZ is a more potent inhibitor of CYP3A4 and has
stronger in vitro antifungal activity. Chirality 16:79–85, 2004. A 2004 Wiley-Liss, Inc.
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The incidence of mucosal and systemic fungal infections
has increased greatly during the last 20 years, due primarily
to immunosuppression associated with AIDS, organ trans-
plantation, and the increased use of cancer chemotherapy.
Among the classes of antifungal drugs the azoles are of
great importance because they are orally bioavailable.1 The
term azole refers to the presence of an imidazole or a
triazole moiety in the structures of these agents. Ketocona-
zole (KTZ) was the first orally active azole introduced in
clinical practice and has been an important and widely used
drug.2,3 KTZ is chiral and there are two stereogenic centers
in the molecule. The drug is defined as the racemic mixture
of the two cis enantiomers and their absolute configura-
tion has been determined via synthesis by Rotstein et al.4 as
(+)-(2R,4S) and (–)-(2S,4R) (Fig. 1). The diastereoisomeric
trans pair of enantiomers is not contained in KTZ as it is a
much weaker inhibitor than the cis pair.4

The use of KTZ and several other azoles has been limited
by adverse side effects and serious drug–drug interac-
tions.5 KTZ is a potent inhibitor of cytochrome P450 3A4
(CYP3A4),6 the most abundant drug-metabolizing CYP
isozyme in the human liver. CYP3A4 is responsible for the
metabolism of a large variety of drugs,7,8 and its inhibition
or induction by xenobiotics represents a serious problem
because of potentially adverse drug interactions.9 Indeed,

the inhibition of CYP3A4 by KTZ has been implicated in
serious and sometimes life-threatening drug interactions.10

The inhibition of CYP3A4 by KTZ is based on two main
features: the binding of the N-3 nitrogen of the imidazole
moiety to the heme iron of the CYP and the simultaneous
binding of a lipophilic portion of the molecule to a
hydrophobic region of the enzyme protein.11 Such dual
binding results in inhibition that is inherentlymore effective
than if binding occurs at only one of those two sites.11

Concerning CYP3A4, however, there seem to be only a
few studies on the role of substrate or inhibitor stereo-
selectivity. Foster et al.12,13 studied the N-demethylation of
racemic, (R), and (S) methadone by human CYP3A4 and
found no enantioselectivity. More recently, Lamb et al.14

studied the differential inhibition of human CYP3A4 and
Candida albicans CYP51 with the stereoisomers of the
azole antifungal agents diclobutrazol and SCH 39304. The
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(R,R)-(+) enantiomer of both were found to be the most
active, and the (S,S)-(–) enantiomeric form of SCH 39304
was inactive and failed to bind to CYP3A4. The most
relevant study in the present context is that by Rotstein
et al.,4 who evaluated the stereoselectivity of the four
stereoisomers of KTZ in inhibiting a number of mamma-
lian cytochrome P450 enzymes, but not human CYP3A4
specifically (see Discussion). In this report, we describe
our results on the inhibition of human CYP3A4 and
antifungal activity of the stereoisomers of KTZ with the
two CYP3A4 substrates, testosterone and methadone.

MATERIALS AND METHODS

For enzymatic incubations, potassium phosphate, race-
mic KTZ, testosterone, 6b-hydroxytestosterone, 11b-hy-
droxytestosterone, racemic methadone, the methadone
metabolite 2-ethylidene-1,5-dimethyl-3,3-diphenylpyrrol-
idine (EDDP), clomipramine, and NADPH were purchased
from Sigma Aldrich (St. Louis, MO) and were of the highest
purity available. Acetonitrile and methanol (HPLC Grade)
were purchased from Fisher Scientific (Fair Lawn, NJ).
Cloned human cytochrome P450 3A4 as baculovirus-insect-
cell-expressed supersomes with cytochrome b5 was pur-
chased from BD Biosciences Discovery Labware (Bedford,
MA). All solutions were prepared with high purity (>18.2
M�.cm) water (Milli-Q, Millipore, Bedford, MA).

Samples of dextro- and levo-KTZ were provided by Chiral
Technologies (Exton, PA) based on a preparative HPLC
resolution of the racemate patterned after a modification of
an analytical separation developed in our laboratory.15 The
analytical separation used a Chiralpak AD column and a
mobile phase of hexane/ethanol 40/60 v/v. The conditions
provided a resolution factor Rs = 3.8 and a separation factor
~ = 1.8. The dextro-enantiomer eluted first. The enan-
tiomers were purified via recrystallization and were
characterized by NMR, IR, and mass spectrometry. The
enantiomeric purity of the samples determined by analytical
HPLC (Chiralpak AD column) was >99.9% for dextro-KTZ
and 99.3% for levo-KTZ.

Bondclone 10m-C18 analytical column (300 � 3.9 mm)
was purchased from Phenomenex (Torrance, CA). Carbo-

sorb 5m-ODS 3 analytical column (150 � 4.6 mm) was
purchased from MetaChem Technologies (Torrance, CA).

For antifungal susceptibility testing, 10 clinical isolates
each of Candida glabrata, C. parapsilosis, C. tropicalis,
C. krusei, Cryptococcus neoformans, and Aspergillus fumiga-
tus were used. Ten clinical isolates ofC. albicans susceptible
to fluconazole (fluconazole MIC (minimal inhibitory con-
centration)<64 mg/ml) and 10 isolates of C. albicans
resistant to fluconazole (fluconazole MICz64 mg/ml) were
also tested. All isolates of Candida spp. were from AIDS
patients with oropharyngeal candidiasis.16 The C. neofor-
mans strains were supplied by Dr. Robert Larsen (Univer-
sity of Southern California Medical Center, Los Angeles,
CA) andwere isolated fromAIDS patients with cryptococcal
meningitis. The A. fumigatus strains were supplied by
Dr. Nancy Madinger (University of Colorado Health
Sciences Center, Denver, CO).

Testosterone/CYP3A4 Incubations

From preliminary experiments it was established that the
formation of 6b-hydroxytestosterone from testosterone was
linear up to 10min. Incubationswere performed in duplicate
at 37jC in a shaking water bath for 10 min. The incubations
of 200 ml volume contained final concentrations of 100 mM
potassium phosphate buffer (pH 7.4), 10 pmoles of human
CYP3A4, 400 mM testosterone, 1 mM NADPH, and the
following final concentrations of racemic, dextro- or levo-
KTZ inhibitor: 0 mM, 0.3 mM, 1.0 mM, 3.0 mM, and 10.0 mM.
The buffer/testosterone/KTZ mixture was vortexed and
incubated for 5 min at 37jC in a shaking water bath. The
enzyme was then added and the tubes were gently shaken
by inversion. The mixture was incubated for a further
5 min at 37jC to equilibrate the enzyme. The reaction was
then initiated by the addition of 20ml of 10 mMNADPH and
incubated for 10 min. The reaction was stopped with the
addition of 100ml of ice-cold acetonitrile containing the 11b-
hydroxytestosterone internal standard (final concentration
of 11b-hydroxytestosterone was 2 mg/ml). The vial was
vortexed for 30 sec. Themixture was centrifuged at 10,000 g
for 20 min to precipitate the proteins and a 25-ml aliquot was
directly injected into theHPLC system for the quantification
of 6b-hydroxytestosterone.

To quantify the amount of metabolite formed, a six-point
standard curve was prepared using the concentrations
0.33–32.85 nmol/ml 6b-hydroxytestosterone in buffer. A
200 ml aliquot of each solution was transferred into vials. All
vials were then treated in an identical manner described
above for the enzymatic reaction vials.

HPLC Assay for 6b-Hydroxytestosterone

6b-Hydroxytestosterone and 11b-hydroxytestosterone
were separated and quantified using a revered-phase
Bondclone 10m-C18 HPLC column with a mobile phase of
58/42 v/v methanol/10 mM potassium phosphate buffer,
pH 6.0. The flow rate was 1.0 ml/min, the column tem-
perature was 50jC, and UV detection was at 245 nm. The
retention times for 6b-hydroxytestosterone and 11b-hy-
droxytestosterone were 8.2 min and 12.2 min, respectively.

The HPLC method was written using Shimadzu Class
VP 5.03 software (Columbia, MD) and was downloaded to

Fig. 1. The enantiomers of KTZ.
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a Shimadzu SCL-10AV-VP System Controller, which
controlled two Shimadzu LC-10AD VP pumps and the
Shimadzu SPD-10AV-VP UV-visible detector. Samples
were introduced onto the column using Shimadzu SIL-
10AD VP autoinjector. The column was situated in an
insulating jacket and column temperature was set with a
Waters Temperature Control Monitor unit (Milford, MA).
Chromatograms were stored as individual software files.
They were processed and peaks integrated once all the
sample chromatograms were obtained.

Methadone/CYP3A4 Incubations

From preliminary experiments it was established that the
formation of EDDP from racemic methadone was linear up
to 20 min. Incubations were performed in duplicate at 37jC
in a shaking water bath for 20 min. The incubations of
200 ml volume contained final concentrations of 100 mM
potassium phosphate buffer (pH 7.4), 20 pmoles of CYP3A4,
29mM(10 mg/ml) racemic methadone, 1 mMNADPH, and
the following final concentrations of racemic, dextro-
or levo-KTZ inhibitor: 0 mM, 0.3 mM, 1.0 mM, 3.0 mM, and
10.0 mM. The buffer/testosterone/KTZ mixture was vor-
texed and incubated for 5 min at 37jC in a shaking water
bath. The enzymewas then added and the tubeswere gently
shaken by inversion. The mixture was incubated for a
further5minat 37jCtoequilibrate theenzyme.The reaction
was initiated by the addition of 20 ml of 10 mMNADPH and
incubated for 20 min. The reaction was stopped with the
addition of 100 ml of ice-cold acetonitrile containing the
clomipramine internal standard (final concentration of clo-
mipramine was 5 mg/ml). The vial was vortexed for 30 sec.
The mixture was centrifuged at 10,000 g for 20 min to pre-
cipitate the proteins and a 10-ml aliquot was directly injected
into the HPLC system for the quantification of EDDP.

HPLC Assay for EDDP

EDDP and clomipramine were separated and quantified
using a revered-phase Carbosorb 5m-ODS3 analytical
column with a mobile phase of 35/65 v/v acetonitrile/
water containing 1% (v/v) triethylamine, pH 2.8, with
orthophosphoric acid. The flow rate was 0.85 ml/min, the
column temperature was 25jC, and UV detection was at
210 nm. The retention times for EDDP, methadone and
clomipramine were 6.1, 9.5, and 13.8 min, respectively. The
HPLC hardware set-up was identical to that described for
6b-hydroxytestosterone HPLC assay.

To quantify the amount of metabolite formation, a six-
point standard curve was prepared using a concentration

range of 0.29 mM (0.1 mg/ml) to 14.5 mM (5.0 mg/ml) of
EDDP in buffer. A 200 ml aliquot of each solution was trans-
ferred into vials. All vials were then treated in an identical
manner described above for the enzymatic reaction vials.

Within-day assay precision and accuracy (n = 6) for
14.5 mM EDDP were 2.4% (coefficient of variation C.V.)
and 100.91%, respectively, and for 0.29 mM EDDP 3.8%
(C.V.) and 85.43%, respectively. Day-to-day assay precision
and accuracy (n = 6) for 14.5 mM EDDP were 0.8% (C.V.)
and 105.1% and for 0.29 mM EDDP 8.7% (C.V.) and 87.3%,
respectively. Standard curves were consistent from day to
day with a 5.3% C.V. in the slope (n = 4).

HPLC Data Analysis

Three separate experiments were carried out for tes-
tosterone and methadone substrates each. Each incubation
set was performed in duplicate. HPLC peak areas of
metabolite were integrated and calculated by Shimadzu
Class VP 5.03 software (Columbia, MD). A six-point
calibration curve was used to obtain the metabolite con-
centration. The accuracy of the internal standard curve was
checked by performing a linear regression analysis. The
acceptable range for the goodness of fit (r2) was 0.98–1.00.
The amount of product formed in each vial was calculated in
nmol/pmole CYP3A4 for 6b-hydroxytestosterone and in
mg/pmole CYP3A4 for EDDP. For each duplicate, the
average value was taken. The percent inhibition of product
formation was calculated by the formula (Product formation
with KTZ / Product formation without KTZ)� 100 for each
concentration of KTZ yielding five values each for racemic,
dextro- and levo-KTZ. IC50 values were determined by
nonlinear regression analysis (one-phase exponential decay
equation) using Graphpad Prism 3.0 software (San Diego,
CA). IC50 was defined as the concentration of KTZ that
resulted in 50% inhibition of metabolite formation.

Antifungal Susceptibility Assays

The in vitro susceptibility of Candida species and C. neo-
formans to racemic, dextro-, or levo-KTZ was determined by
the National Committee for Clinical Laboratory Standards
M27-A2 broth microdilution method.17 The antifungal
susceptibilities of the A. fumigatus strains were measured
using the National Committee for Clinical Laboratory Stan-
dards M38-A broth microdilution method.18 In all experi-
ments the various concentrations of KTZ were dissolved in
DMSO and then added to RPMI 1640 medium buffered to
pH 7.0 with 0.165M 3-(N-morpholino) propanesulfonic
acid (MOPS) so that the final concentration of DMSO was

TABLE 1. IC50S (MM) for KTZ inhibition of CYP3A4 with
testosterone as substrate

Experiment
Racemic
(F)-KTZ

Dextro-
(+)-KTZ

Levo-
(�)-KTZ

Ratio of
(+)/(�)

1 0.54 0.90 0.64 1.41
2 0.73 1.88 0.69 2.72
3 0.63 1.07 0.51 2.10

Mean (F SD) 0.63 (0.10) 1.28 (0.52) 0.61 (0.09) 2.08 (0.66)

TABLE 2. IC50S (MM) for KTZ inhibition of CYP3A4 with
methadone as substrate

Experiment
Racemic
(F)-KTZ

Dextro-
(+)-KTZ

Levo-
(�)-KTZ

Ratio of
(+)/(�)

1 0.42 0.54 0.23 2.35
2 0.31 0.46 0.27 1.70
3 0.31 0.46 0.31 1.48

Mean (F SD) 0.35 (0.06) 0.49 (0.05) 0.27 (0.04) 1.84 (0.45)
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1% (v/v). This concentration of DMSO was also present in
the drug-free control wells. TheMICs of racemic, dextro-, or
levo-KTZwere determined at 48 h for each fungal isolate for
all organisms, except for C. neoformans isolates, whose
MICs were determined at 72 h. TheMIC was defined as the
concentration of KTZ that resulted in at least 80% inhibition
of fungal growth compared to organisms grown in RPMI
1640-MOPS containing the diluent alone.

RESULTS

The IC50 data for the inhibition of CYP3A4 by racemic,
dextro-, and levo-KTZ using testosterone and methadone as
substrate are shown in Tables 1 and 2. As can be seen, in

all experiments, regardless of substrate, the IC50 for levo-
KTZ was consistently lower than that of dextro-KTZ. In the
case of both substrates, levo-KTZ was about 2-fold more
potent than dextro-KTZ.

Table 3 summarized the antifungal activity of racemic,
dextro-, and levo-KTZ against a variety of medically
important fungi. Ten isolates were measured for each
fungal species. For most organisms, levo-KTZ was 2–4-fold
more potent than was dextro-KTZ. The exceptions were the
fluconazole-resistant C. albicans strain, against which
dextro-KTZ was slightly more active, and C. neoformans,
against which both enantiomers had similar activity.

DISCUSSION

In studies of CYP3A4, several index/probe substrates
have been regularly utilized,19,20 including testoster-
one, 21–25 nifedipine,26 and midazolam.7,27–30 Methadone
is another important but less extensively used sub-
strate31–33 and is of interest since it is a widely used drug
in opiate dependency treatment12,34 and, increasingly, in
the therapy of chronic cancer pain.35

The major pathway in the metabolism of methadone by
CYP3A4 is N-demethylation to the secondary amine which
spontaneously cyclizes to EDDP (Fig. 2).

KTZ is commonly used as a CYP3A4-specific inhibitor.
Most studies of inhibition of CYP3A4 by racemic KTZ have
utilized human- or rat-liver enzyme and in the majority of
these studies IC50 values have been reported rather than
Kis.12,21,22,24–30,33,36–44 The range of IC50s from the studies
quoted above was 0.07–8.5 mM. Thus, there is consid-
erable variability in the range of values reported due in
part to the different substrates used,20,45,46 and in part
because of the different substrate concentrations em-
ployed. Therefore, it is difficult to compare IC50s for one
substrate against another unless they have similar
affinities towards the enzyme. Stresser et al.46 have
demonstrated that for a variety of inhibitors the qualitative
and quantitative inhibition parameters are dependent on
the CYP3A4 probe substrate used and since it is not always
possible to extrapolate CYP3A4 inhibition with a single
probe substrate to other probe substrates, these authors
are of the opinion that all CYP3A4 inhibition data should
be interpreted with care.

TABLE 3. MICs (mg/ml) for antifungal activity of KTZ
against indicated organisms

Organism (+) KTZ (�) KTZ (F) KTZ

C. albicans(Flu-S)a IC50
b 0.031 0.016 0.016

IC90
c 0.063 0.031 0.031

C. albicans (Flu-R)d IC50 0.25 0.25 0.25
IC90 1 4 4

C. krusei IC50 1 0.25 0.5
IC90 1 0.5 1

C. tropicalis IC50 0.031 0.016 0.031
IC90 1 0.5 0.5

C. glabrata IC50 0.5 0.25 0.25
IC90 1 0.5 1

C. parapsilosis IC50 0.063 0.016 0.031
IC90 0.125 0.031 0.063

C. neoformans IC50 0.063 0.063 0.063
IC90 0.063 0.063 0.063

A. fumigatus IC50 8 1 2
IC90 16 2 4

All organisms IC50 0.125 0.063 0.063
IC90 8 2 2

aFluconazole susceptible.
bDefined as the concentration of KTZ that inhibited the growth of 50% of
the isolates.
cDefined as the concentration of KTZ that inhibited the growth of 90% of
the isolates.
dFluconazole resistant.

Fig. 2. The biotransformation of methadone to EDDP. The arrow in the structure of the initial N-demethylated metabolite indicates the
nonenzymatic intramolecular nucleophilic attack by nitrogen leading to the cyclized product.
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It is interesting to note that in the majority of cases IC50

values are reported rather than Kis as a measure of
inhibition. This is possibly because cytochrome P450
enzymes are widely reported to exhibit atypical enzyme
kinetics depending on the substrates employed,9,32,47–50

which makes the accurate calculation of Kis difficult.
Similarly, our preliminary enzyme-kinetic studies with a
range of concentrations of testosterone and KTZ also
yielded complex, non-Michaelis-Menten (noncompetitive)
kinetics (data not shown), hence the decision to generate
IC50 values instead of Kis. It is also of interest here that
during chronic administration of KTZ, the steady-state
plasma concentrations of the enantiomers reach f3 and
10 mM levels, respectively (J.G. Gerber, S. Dilmaghanian,
and J. Gal, unpublished results), i.e., well above the
IC50 values.

It is now well-established that 6b-hydroxylation of
testosterone6,21–23,26,29,41 and N-demethylation of metha-
done12,31,33 occur by CYP3A4 and therefore can be
significantly inhibited by racemic KTZ. With regard to
the individual KTZ enantiomers, it appears that the only
study that examined their role in inhibiting drug-metabo-
lizing CYPs is that of Rotstein et al.4 These authors studied
the inhibition of rat-hepatic microsomal oxidative bio-
transformations of lauric acid and progesterone as models
of xenobiotic metabolism and found little enantioselectiv-
ity. However, individual CYP isozymes were not studied. In
contrast, Rotstein et al. found significant enantioselectivity
in the inhibition of some pathways of steroid biosynthesis,
e.g., levo-KTZ, is 48-fold more potent an inhibitor of
progesterone 17a, 20-lyase than the dextro enantiomer,
whereas in the case of cholesterol 7a-hydroxylase the
dextro-enantiomer was a 12-fold more potent inhibitor
compared to the levo-enantiomer.

Our data (Tables 1 and 2) show that the two KTZ
enantiomers exhibit f2-fold enantioselective inhibition of
human CYP3A4 when using either testosterone or
methadone as substrates. In both cases, levo-KTZ was
about 2-fold more potent than dextro-KTZ.

Our antifungal susceptibility data demonstrate that
different fungal species vary significantly in their sensitivity
to the different KTZ enantiomers. Levo-KTZ had at least
2-fold greater antifungal activity than dextro-KTZ against all
species of Candida tested. Also, levo-KTZ was 8-fold more
active than was dextro-KTZ against A. fumigatus. However,
both enantiomers of KTZ had equivalent antifungal activity
against C. neoformans. These results suggest that levo-KTZ
is a more potent inhibitor of CYP51 in many, but not all,
fungi. To our knowledge, this is the first report of the
differential antifungal activity of the different enantiomers
of KTZ. Other azole antifungal agents have been reported
to have enantioselective antifungal activity both in vitro
and in vivo.51 Lamb et al.14,52 reported that the azole
antifungal compounds SCH39304 and tetraconazole have
enantioselective activity against the C. albicans CYP51.
They propose that the structural basis for this enantiose-
lectivity is that some enantiomers are unable to fit into the
hydrophobic pocket of the active site. Our findings that
levo-KTZ was more active against some species of fungi,
but not others such as C. neoformans, suggests that the

active sites of the CYP51s of different fungi may have
different conformations.

An alternative explanation for the differential antifungal
activity of levo- and dextro-KTZ is that levo-KTZ may
achieve a higher concentration within the fungal cell than
dextro-KTZ. Most fungi have drug-efflux pumps that
reduce the intracellular concentration of azole antifungal
agents.53,54 If levo-KTZ is a poorer substrate for one or
more drug-efflux pumps than dextro-KTZ, then levo-KTZ
would achieve a higher intracellular concentration and
would have more potent antifungal activity. For example,
the Saccharomyces cerevisiae QDR1 is a member of the
major facilitator family of drug-efflux pumps. QDR1 is
chiroselective in that it transports quinidine, but not its
diastereoisomer quinine.55 Although the S. cerevisiae
QDR1 also transports ketoconazole, it is not currently
known whether this transport is enantioselective.

CONCLUSION

In conclusion, the differences in the CYP3A4 inhibition
by dextro- and levo-KTZ of testosterone and methadone
metabolism are modest. In addition, the antifungal activity
of the two enantiomers parallels their activity against
human CYP3A4. Therefore, it does not seem that dextro-
KTZ would provide a significantly safer alternative to the
racemate as a therapeutic agent. However, human
CYP3A4 is different from CYP51, the fungal enzyme, and
it is therefore possible that alteration of the KTZ molecule
may yield derivatives with greater enantioselectivity while
also retaining significant antifungal activity. To explore
this possibility, the preparation of a variety of KTZ analogs
and their enantiomers is under way in our laboratory, and
the new compounds will be studied for their CYP3A4
inhibition and antifungal activity.
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