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Kinetics of metabolism and degradation of
mometasone furoate in rat biological fluids and tissues
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Abstract

Mometasone furoate (MF) is a potent glucocorticoid developed for the treatment of glucocorticoid-

responsive inflammatory disorders. The in-vitro and ex-vivo kinetics of the degradation and meta-

bolism of MF were studied in selected biological fluids of rat and subcellular fractions of different rat

tissues. In-vitro, MF was found to degrade slowly into four products in serum and urine, and

metabolized rapidly and extensively in rat liver, minimally in extrahepatic tissues, including intestine,

stomach, lung and kidney. Further investigation found that the microsomal fraction was the major

intracellular site of MF 6­ -hydroxylation in rat liver. Using chemical inhibitors, CYP3A was found to

be the major enzyme involved in the in-vitro MF 6­ -hydroxylation in rat liver microsomes. Enzyme

kinetic studies in rat liver microsomes showed that the overall metabolic process of MF followed

biphasic Michaelis-Menten kinetics, while 6­ -hydroxylation obeyed monophasic Michaelis-Menten

kinetics. The kinetic parameters derived from the kinetic models along with the enzyme inhibition

studies suggest that MF is mainly metabolized via 6­ -hydroxylation mediated by CYP3A primarily,

and also biotransformed via other pathway(s) catalysed by other enzymes in rat liver in-vitro.

Introduction

Mometasone furoate (MF) is a potent glucocorticoid with an improved ratio between
local to systemic effects. It has been marketed as a dermatological formulation
(Elocon), an aqueous intranasal spray (Nasonex), and a dry-powder inhaler
(Asmanex Twisthaler) for the treatment of glucocorticoid-responsible dermatoses
(Prakash and Benfield 1998) and airway allergic inflammatory disorders (Onrust and
Lamb 1998). After oral (Wang et al 1992), dermatological (Prakash & Benfield 1998),
intranasal (Onrust & Lamb 1998) or inhalational (Affrime et al 2000a) administration
of MF in humans, its systemic exposure is negligible and the bioavailability is very low
(<1%). Following the administration of MF via a metered-dose inhaler, the deposi-
tion pattern of MF is consistent with the 10±20% pulmonary and 80% oropharynx
deposition demonstrated with other corticosteroids delivered in the same manner
(Pickering et al 2000). It has been postulated that the extremely low bioavailability of
inhaled MF is owing to extensive metabolism of the drug in the liver following its
absorption through respiratory and gastrointestinal tracts (Affrime et al 2000b).
However, to date, there is limited information available on the metabolism of MF.
An abstract reported that MF was metabolized extensively in the liver, to some extent
in the intestine, but not in the lungs of different species in-vitro, including rat, mouse,
dog and human, with 6­ -hydroxy-MF suggested to be the major metabolite in rat,
while other moderately polar metabolites are also present in mouse, dog and human
(Zbaida et al 1997). It has not been known if metabolites of MF are active or inactive.
The most recent review on MF (Sharpe & Jarvis 2001) quoted both published and
unpublished results, and stated that MF is metabolized extensively into polar com-
pounds by cytochrome P450 (P450) 3A4 in the liver, but no evidence of a single major
metabolite and no metabolites have been unequivocally identified. Thus, these pre-
vious statements on metabolite(s) of this drug remain unclear.

The purpose of the present studies was to qualitatively and quantitatively investi-
gate the in-vitro and ex-vivo kinetics of degradation and metabolism of MF in a rat
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model. The specific objectives of the present studies were:
(i) to determine the major site(s) of MF metabolism in
rats; (ii) to investigate the contribution of microsomal
enzymes towards the biotransformation of MF in rats;
(iii) to analyse the enzyme kinetics of MF in rat liver
microsomes and develop kinetic models describing the
metabolism of MF in rats; and (iv) to isolate and purify
the major degradation and metabolic products from
suitable in-vitro systems in rats for its further pharma-
cological study.

Materials and Methods

Materials

Authentic MF was a gift from Schering-Plough Pty Ltd
(Baulkham hills, NSW, Australia). Testosterone 17-acet-
ate, halothane, Krebs-Henseleit buffer, total protein
reagent, protein standard solution, monosodium glucose-
6-phosphate, ­ -nicotinamide adenine dinucleotide phosphate
(­ -NADP) sodium salt hydrate, glucose-6-phosphate
dehydrogenase, HEPES (N-[2-hydroxyethyl] piperazine-
N0-[2-ethane sulfonic acid]), 1-aminobenzotriazole, fura-
fylline, coumarin, sulfaphenazole, diazepam, quinidine,
diethyldithiocarbamate, 4-methylpyrazole, ketoconazole
and troleandomycin were purchased from Sigma
Chemical (St Louis, MO, USA). Medical carbogen gas
(containing 5% carbon dioxide and 95% oxygen) and
high purity nitrogen gas were purchased from BOC
Gases (Chatswood, NSW, Australia). Carbon monoxide
was obtained from Matheson Tri-Gas, Inc. (Newark, CA,
USA). All other chemicals and solvents were of analytical
or HPLC grade as appropriate.

Animals and collection of biological fluids
and tissues

Adult male Sprague-Dawley rats, 200±250 g, were sup-
plied by the Laboratory Animal Services Center at the
University of Sydney. The rats were allowed free access
to standard laboratory chow (Purina Rat Chow; Ralston,
Sydney, NSW, Australia) and tap water, and were
maintained in a restricted access room with controlled
temperature (21 § 1 ¯C), humidity and a 12-h light/dark
cycle. The experimental animal protocols were approved
by the Animal Ethics Committee of the University of
Sydney.

Rat urine was collected from individual rats housed in
metabolic cages (Technoplast, Rochester, NY, USA) for
0±24 h. After the rats were anaesthetized with 5% (v/v)
halothane, the blood was collected via terminal cardiac
puncture. Subsequently, a vertical midline abdominal inci-
sion was made, and the tissues required were rapidly
excised, examined and immediately placed in ice-cold
10 mM Tris-buffered saline (pH 7.5). Blood was allowed
to clot and then centrifuged to yield serum, which was
stored at ¡20 ¯C. The pH of the pooled rat serum was
7.36, measured before the kinetic study.

Preparation of tissue subcellular fractions

Rat tissues were homogenized using a Polytron PTA 1035
homogenizer (Kinematica GmbH, CH-6010, Kriens/
Luzerne, Switzerland) and the 1000 g supernatant (S-1),
9000 g supernatant (S-9), cytosolic and microsomal frac-
tions of individual tissue were prepared by differential
centrifugation (Ekins et al 1999). Pooled nuclear, mito-
chondrial, cytosolic and microsomal fractions of rat liver
tissue (n ˆ 6) were also prepared by differential centrif-
ugation (Pedersen et al 1978). All the homogenization
and fractionation processes were conducted in a cold
room at ¡4 ¯C. The subcellular fractions of tissues were
stored at ¡80 ¯C before use. Total protein contents of the
fractions of tissue homogenates were determined spectro-
photometrically at 540 nm (Doumas et al 1981). Bovine
serum albumin was used as the reference standard. The
P450 content was determined as described previously
(Ocuma & Sato 1964).

Instrumentation and analytical methods

HPLC analysis of MF and its degradation and metabolic
products was performed as previously described (Teng
et al 2001). The Shimadzu Class-LC10 HPLC (Kyoto,
Japan) system consisted of an LC-10AT pump, a SIL-
10AXL autoinjector, an FRC-10A fraction collector, an
SPD-M10A photodiode-array UV/vis spectrophotometric
detector and a CBM-10A communication bus module.
Data collection and integration were accomplished using
Shimadzu Class-LC10 computer software version 1.64
(Kyoto, Japan). The analytical column used was a
Beckman ultrasphere octyl column (150 mm, 2.0 mm i.d.,
5 ·m particle size; Beckman Instruments, Fullerton, CA,
USA) equipped with a pre-column (7.5 mm, 2.0 mm i.d.)
of the same packing material. The mobile phase consisted
of methanol and water (59:41, v/v), filtered and degassed
using a Millipore filtration system through a 0.45-·m
HNWP nylon filter (Bedford, MA, USA) under reduced
pressure before use. Separation was carried out isocratic-
ally at room temperature (22 § 1 ¯C) and with flow rate of
0.28 mL min¡1, with UV detection at 248 nm and spectral
scanning from 200 to 400 nm. The injection volume was
10 ·L.

Kinetics of MF in rat serum and urine

MF (C0 ˆ 19 ·M, added as a methanolic stock solution of
2.0 mg mL¡1 at a volume of 0.5% in the final incubation
mixtures) was incubated in rat urine and in rat serum at
37.0 § 0.1 ¯C in a thermostatically controlled shaking
water bath as described previously (Teng et al 2001).

Kinetics of MF in rat tissue S-9 fractions

Studies of metabolic kinetics of MF in S-9 fractions of
tissue homogenates were conducted in the presence of
cofactors that included 10 mM MgCl2 and an NADPH-
generating system (7.5 mM glucose 6-phosphate, 0.3 mM

­ -NADP and 0.42 units mL¡1 glucose-6-phosphate
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dehydrogenase), in 100 mM phosphate buffer containing
1 mM EDTA (pH 7.4) under carbogen gas at 37.0 § 0.1 ¯C
in a shaking (75 rev min¡1) water bath. Typically, the S-9
fraction (protein content 4 mg mL¡1, unless otherwise
indicated) and the parent drug (C0 ˆ 19 ·M, added as a
methanolic stock solution of 2.0 mg mL¡1 at a volume of
0.5% in the final incubation mixtures) were pre-incubated
in the incubation buffer for 5 min at 37 § 0.1 ¯C. The
reaction was initiated by adding the cofactors. At pre-
determined time intervals, samples (0.5 mL each) were
withdrawn and the reaction was terminated immediately
by adding 4 mL ice-cold dichloromethane. Samples were
then extracted and analysed by HPLC (Teng et al 2001).
Parallel incubations were performed in the same manner
in the absence of MF or the S-9 fraction as controls.
Experiments with the tissue S-9 fractions were performed
in four replicates.

The metabolic kinetics of MF in pooled rat liver tissue
S-9 fractions was investigated with respect to protein con-
centration (range 1±8 mg mL¡1) and substrate concentra-
tion (range 1±100 ·M).

Studies of degradation kinetics of MF (C0 ˆ 19 ·M,
added as a methanolic stock solution of 2.0 mg mL¡1 at
a volume of 0.5% in the final incubation mixtures) in each
S-9 fraction of the rat tissues were carried out without
cofactors. The reaction was initiated by adding the stock
MF in the reaction media and then handled using the
same method.

Kinetics of MF in rat liver microsomal, cytosolic,
mitochondrial and nuclear fractions

Initially, the microsomal incubation conditions were
investigated with respect to microsomal protein concen-
tration (0.1±5 mg mL¡1), incubation time (up to 60 min),
substrate concentration (0.2±100 ·M), and oxygenation
using pooled rat liver microsomes. The optimized
microsomal incubation mixture was composed of liver
microsomes (0.2 mg protein mL¡1), 2.5 ·M MF and an
NADPH-generating system (6 mM MgCl2, 0.5 mM ­ -NADP,
10 mM glucose 6-phosphate and 1.0 units mL¡1 glucose-
6-phosphate dehydrogenase) in 100 mM phosphate buffer
containing 1 mM EDTA (pH 7.4). The reaction was car-
ried out in open test tubes without extra oxygenation for
8 min in a shaking (150 rev min¡1) water bath. After the
microsomal fraction and the parent drug (added as a
methanolic stock solution at a volume of 1% in the final
incubation mixtures) were pre-warmed in the incubation
buffer for 5 min at 37 § 0.1 ¯C, the reaction was initiated
by the addition of the NADPH-generating system, and
terminated by addition of 4 mL ice-cold dichloromethane.
Similar incubations with the use of denatured microsomes
(heating at 70±80 ¯C for 30 min) or without the addition of
microsomes or substrate were conducted in the same man-
ner as controls. In addition, incubation in the absence of
the NADPH-generating system was performed for the
confirmation of P450-dependent enzymatic biotransfor-
mation. Typically, all the incubations of MF (C0 ˆ 4 ·M)
with microsomal, cytosolic, mitochondrial and nuclear

fractions (protein content 4 mg mL¡1) were performed
following the same procedure. Incubations for each indi-
vidual condition with these subcellular fractions of rat
liver tissue were conducted in duplicate.

Kinetics in everted rat small intestine tissue

A modified version of the method of Esposito & Csaky
(1974) was employed in these studies. After anaesthetiza-
tion of the rat with halothane, an abdominal incision was
made and the whole small intestine was isolated, excised
and examined. After a section (¹10 cm) of intestine at the
end of the ileocecal junction was taken for tissue sample
of zero time, the intestine was immediately flushed with
ice-cold Krebs-Henseleit bicarbonate buffer containing 2 g
L¡1 glucose (pH 7.4; K-H buffer), and then everted on
a glass rod with one end tied with surgical thread. After the
sac was filled with warmed drug-free K-H buffer (37 ¯C),
the other end was tied and the middle part of the intestine
was tied every 20±25 cm to give four isolated sections. This
everted intestine was immediately placed in a freshly pre-
pared, warmed (37 ¯C) and jacketed beaker containing
25 mL of 19 ·M MF (10 ·g mL¡1, added as a methanolic
stock solution of 2.0 mg mL¡1 at a volume of 0.5% in the
final incubation mixtures) in K-H buffer, and incubated at
37 § 0.1 ¯C with continual carbogenation with carbogen in
a shaking water bath (75 rev min¡1).

The zero-time buffer sample (the K-H buffer with
drug) was withdrawn before the tissue was placed in the
K-H buffer and the drug-free K-H buffer was used as the
zero-time buffer sample in the sac. At 0.5, 1.5, 3 and 5 h,
3 mL of buffer in the bulk incubation medium and a
section of the intestine (about 2 g) with the buffer in its
lumen were sampled. After the buffer in the lumen was
transferred into a beaker, the tissue segment was weighed
and then immediately added to ice-cold K-H buffer of
equal weight. Subsequently, the tissue was minced, homo-
genized, extracted and analysed by HPLC.

Buffer samples (0.5 mL) from both the bulk incubation
medium and the intestinal lumen were also collected
for analysis of MF and its degradation and metabolic
products as described for samples of tissue subcellular
fractions. The experiment was performed in triplicate.

Inhibition studies

A number of potential inhibitors and/or substrates of
CYP isoenzymes were tested at various concentrations
in pooled rat liver microsomes (protein content 0.2 mg
mL¡1) with varying concentrations of MF (added as a
stock methanolic solution at a volume of 1% in the final
incubation mixtures). Incubation mixtures containing
mechanism inhibitors, furafylline, diethyldithiocarba-
mate, troleandomycin, or 1-aminobenzotriazole, were
pre-incubated in pooled rat liver microsomes in the pre-
sence of the NADPH-generating system (6 mM MgCl2,
0.5 mM ­ -NADP, 10 mM glucose-6-phosphate and 1.0
units mL¡1 glucose-6-phosphate dehydrogenase) at
37 § 1 ¯C for 15 min before the addition of MF. For
non-mechanism-based inhibitors, the incubation mixtures
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contained MF and inhibitors together with rat liver micro-
somes without pre-incubation of inhibitors, and the
reactions were initiated by the addition of the NADPH-
generating system and carried out as for rat liver micro-
somes. Potential inhibitors were dissolved in a mixture of
methanol and phosphate buffer, except for ketoconazole,
which was dissolved in acetone, and added at a volume of
1% in the final incubation mixtures. Parallel control
incubations were conducted with 1% of the corresponding
solvent with no inhibitor present. Each potential inhibitor
was also incubated with microsomes under the NADPH-
generating system to examine if they caused any chro-
matographic interference in the measurement of
6­ -hydroxy-MF.

Sample extraction and analysis

For tissue and sub-cellular fractions, on terminating the
reaction with 4.0 mL ice-cold dichloromethane, 0.5 mL of
internal standard (10 ·g mL¡1 of ethanolic testosterone
17-acetate) was added to the sample (0.5 mL). The mixture
was extracted for 2 min on a vibrating mixer, followed by
centrifugation at 1328 g (20 ¯C) for 10 min. The organic
layer was then collected, evaporated to dryness under
nitrogen at 35 ¯C, stored at ¡20 ¯C and reconstituted in
mobile phase before HPLC analysis.

To each sample (0.5 g) of tissue homogenate was added
0.5 mL of internal standard (10 ·g mL¡1 ethanolic testo-
sterone 17-acetate). The mixture was extracted twice with
4 mL dichloromethane by vigorous shaking for 2 min on
a vibrating mixer, followed by centrifugation at 2602 g
(20 ¯C) for 10 min. The dichloromethane phase was col-
lected, evaporated, stored at ¡20 ¯C and reconstituted in
mobile phase before HPLC analysis.

Data analysis

Data are expressed as the mean § s.d. of replicate deter-
minations (n 5 5). Statistical analyses were performed
using Microsoft Excel (version 97) or SPSS (Spss Inc.,
IL, USA). Significance of differences in means of paired
samples was assessed using a paired-sample t-test.
Analysis of variance of two or more groups of data was
performed using analysis of variance and Tukey’s post-
hoc analysis. All values of P were based on two-tailed tests
and P values of less than 0.05 were considered statistically
significant.

The observed rate constants (kobs) of parent drug dis-
appearance were estimated from the initial slope of the
log-linear phase of declining concentration versus time
plots. The initial half-lives were calculated using the fol-
lowing equation: t1¤2 ˆ 0.693/kobs. The rate constant of
each metabolic reaction was estimated according to the
corresponding model developed, based on the experi-
mental data, to limit underestimation of the parameters
due to possible sequential transformation. The rate con-
stant of parent drug disappearance was correlated to the
sum of those of its direct transformation reactions.

Substrate concentrations ranging from 0.2 to 100 ·M

were employed for MF in view of its unknown in-vitro

metabolic kinetics in rat liver microsomes. Kinetic analysis
of the parent drug disappearance and product formation
data was undertaken by the least-square regression program
using SCIENTIST version 2.0 (Micromath Scientific
Software, Salt Lake City, UT, USA). Apparent enzyme
kinetics was determined by fitting reaction velocity (v) versus
substrate concentration, [MF]. Initially, the data were exam-
ined on Eadie-Hofstee, Lineweaver-Burk and Hanes plots to
assess the linearity of enzyme kinetics. The kinetic data were
then fitted to expressions containing one or more Michaelis-
Menten terms. The correlation, randomness of the residuals,
the standard deviation of the parameter estimates (<10%)
and the model selection were used as indicators of goodness-
of-fit of the model to the experimental data.

The nature of inhibition of the chemical inhibitors for
P450 was initially assessed by plots from transformed data
from the kinetic studies, including Dixon plot,
Lineweaver-Burk plot, Eadie-Hofstee plot, and Cornish-
Bowden plot. For competitive enzyme inhibitors, the
apparent inhibitory constant (Ki) was given by the inter-
section point of linear regression lines in the Dixon plot,
where data sets of 1/v were plotted against the initial
concentration of the inhibitor, [I]. Results were sub-
sequently subjected to Equation 1 (Ito et al 1998) by
least-square regression using SCIENTIST.

¸ ˆ Vmax ¢ ‰MFŠ

Km ¢ 1 ‡ ‰IŠ
Ki

8
>:

9
>;‡ ‰MFŠ

…1†

where Km represents the Michaelis constant of the enzy-
matic reaction (cf. Equation 5), [MF] is the initial drug
concentration, and Vmax indicates the maximum velocity
of the reaction.

Kinetic parameters for mechanism-based enzyme inac-
tivation were obtained as described by Ito et al (1998). The
logarithm of the remaining enzymatic activity (formation
rate of 6­ -hydroxy-MF) was plotted against the pre-incu-
bation time in the presence of the inhibitor at various
concentrations. The apparent inactivation rate constant
(ki,obs) was determined from the slope of the initial linear
phase at each inhibitor concentration. The apparent ki,obs

values were compared with those of control incubations
containing the solvent for each inhibitor as appropriate.
The values of ki,obs were plotted against the inhibitor
concentrations and the parameters (ki,max and K0

i) were
estimated from Equation 2 by a non-linear least square
method using SCIENTIST.

ki;obs ˆ ki;max ¢ ‰IŠ
K0

i ‡ ‰IŠ
…2†

where ki,obs is the apparent inactivation rate constant of
the enzyme at initial inhibitor concentration [I], ki,max

represents the maximum inactivation rate constant,
and K0

i represents the apparent dissociation constant
between the enzyme and the inhibitor, respectively
(Ito et al 1998).
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The IC50 (the concentration inhibiting 50% of enzyme
activity) was determined by linear regression (percentage of
control) against the logarithmic inhibitor concentration.

Results

Degradation in rat serum

MF (C0 ˆ 19 ·M) degraded in rat serum (pH 7.36) with a
half-life of 8.0 § 0.1 h (n ˆ 4). Four products, namely A,
B, C and D (Figure 1), were formed in rank order, and are
the same as observed previously in human plasma and in
simulated lung fluid (Teng et al 2001; products A, B, C
and D reported here correspond to products D1, D3,
D2 and D4 reported in Teng et al 2001). They were iden-
tified as: A: 21-chloro-17¬-hydroxy-16¬-methyl-9­ ,11­ -
oxidopregna-1,4-diene-3,20-dione 17-(2-furoate); B: 9¬,21
­ -dichloro-11­ ,21¬-dihydroxy-16¬-methylpregna-1,4,17, 20-
tetraen-3-one 21-(2-furoate); C: 21­ -chloro-21 ¬-hydroxy-16
¬-methyl-9­ ,11­ -oxidopregna-1,4,17,20-tetraen-3-one 21-(2-
furoate); and D: 21-chloro-17¬-hydroxy-16¬-methyl-9­ ,11
­ -oxidopregna-1,4-diene-3,20-dione (Teng 2002).

Degradation in rat urine

MF (C0 ˆ 19 ·M) degraded in rat urine (pH 7.83) with a half-
life of 11.1 § 0.3 h (n ˆ 4). The degradation profile of MF in
rat urine was qualitatively similar to that in rat serum.

Metabolism of MF in S-9 fractions of rat tissues

MF (C0 ˆ 19 ·M) decomposed quickly with a half-life of
23.3 § 10.7 min (n ˆ 6) and rapid formation of 6­ -
hydroxy-MF in the rat liver tissue S-9 fractions of protein
content 4 mg mL¡1. The formation of 6­ -hydroxy-MF
was not observed in control samples in which the parent
drug or the S-9 fractions were absent. In rat liver tissue S-9
fraction, the apparent rate of MF 6­ -hydroxylation in the
presence of cofactors was over 1000-times greater than that
in the absence of cofactors, indicating that this reaction was
largely catalysed by enzymes dependent on cofactors.

The apparent rate of MF (C0 ˆ 19 ·M) disappearance
and formation of 6­ -hydroxy-MF increased with an
increase in total protein concentration of rat liver tissue
S-9 fractions from 1 to 8 mg mL¡1. On the other hand, the
apparent rates of MF disappearance and 6­ -hydroxy-MF
formation were both enhanced with an increase in the initial
concentration of MF from 1 to 50 ·M, but there was no
further increase at 100 ·M when the total protein of rat liver
tissue S-9 fraction was kept constant at 4 mg mL¡1.

In addition, the relative activities of the S-9 fractions of
the tested extrahepatic tissues catalysing MF 6­ -hydroxyla-
tion were less than 1% of that of the rat liver tissue. In these
S-9 fractions, the apparent rates of MF 6­ -hydroxylation
were in the order of: intestine 5 stomach > spleen > kid-
ney > lung. In the rat lung tissue S-9 fraction, 6­ -hydroxy-
MF was detectable but not quantifiable in about half of the
samples using the HPLC/UV assay.

In the presence of cofactors, the rate of degradation of
MF through the formation of products A, B, C and D was
much slower than in the corresponding tissue S-9 fractions
without cofactors (P < 0.01, paired-sample t-test). In fact,
only product A (not B, C or D) was detectable during
incubation up to 72 h in all S-9 fractions of tissues tested
with cofactors.

Metabolism in rat liver subcellular fractions

MF was metabolized rapidly in rat liver microsomes, with
6­ -hydroxy-MF as a primary metabolite (Figure 2), under
an NADPH-generating system. No significant transform-
ation of MF to 6­ -hydroxy-MF was detected in the
controls. As in the S-9 fraction of rat liver tissue, none
of the other potential metabolites listed by Affrime et al
(2000a) were observed except for 6­ -hydroxy-MF.

In pooled liver microsomes from six rats, the apparent
rate of both parent drug disappearance and 6­ -hydroxy-
MF appearance increased with an increase in protein
concentration over the range of 0.1 to 5 mg mL¡1 when
an initial concentration of MF was kept at 4 ·M.

When total protein of rat liver microsomes was kept
constant at 0.2 mg mL¡1, the apparent rate of parent drug
disappearance (Figure 3) increased with an increase in the
initial drug concentration from 0.2 to 65 ·M. The decline
of MF followed first-order degradation kinetics in rat liver
microsomes of protein content 0.2 mg mL¡1. The rate of
6­ -hydroxy-MF formation increased correspondingly
with increasing initial drug concentration from 0.2 to
8 ·M. However, the formation was saturated at higher
concentrations, reaching a plateau. An optimal incubation
time of 8 min was selected as a convenient common incu-
bation time for studying the kinetics of MF metabolism in
rat liver microsomes of protein content 0.2 mg mL¡1.

Little formation of 6­ -hydroxy-MF and disappearance
of the parent drug were observed following the incubation
of MF (C0 ˆ 4 ·M) in pooled rat liver cytosolic, mitochon-
drial and nuclear fractions of protein content 4 mg mL¡1

at 37 ¯C (Table 1). The enzyme activities of this cytosolic,
mitochondrial and nuclear fractions catalysing 6­ -hydro-
xylation of MF were 0.4, 4.3 and 1.6% of that of pooled
rat liver microsomes, respectively.

Transformation in everted rat intestine

Following the incubation of MF (C0 ˆ 19 ·M) with everted
intestinal tissue in K-H buffer, MF disappeared rapidly
from the incubation buffer with considerable formation of
6­ -hydroxy-MF as the major metabolite (Figure 4).
Meanwhile, most of the parent drug and the metabolite
formed were taken up by the intestinal tissue during incu-
bation.

Inhibition of MF 6b-hydroxylation by potential
chemical inhibitors

A non-specific CYP inhibitor, 1-aminobenzotriazole
(Mathews et al 1985; Carcillo et al 1998), inhibited MF
6­ -hydroxylation in pooled rat liver microsomes in a
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concentration-dependent manner. Strong inhibition was
obtained at low concentrations of ketoconazole, with an
apparent Ki of 1.42 ·M determined by Equation 1 repre-
senting Dixon plots (Figure 5A). Troleandomycin dis-
played concentration and pre-incubation time-dependent

inhibition (Figure 6A) with an apparent K0
i of approxi-

mately 177 ·M. Diazepam also exhibited considerable
competitive inhibition of MF 6­ -hydroxylation in rat
liver, with an apparent Ki of approximately 88 ·M.
Moreover, co-incubation with high concentrations

C O

CH Cl2

C
HO

O

CH3

3

4 6

7

810

11

12

13

14

15

16
17

18

19

20

21

5

2

1
CH39

Cl

O
O

O
23

24

25 26

27

22

MF

O

CH3

CH3

3

4 6

7

810

11

12

13

14

15

16
17

18

19

5

2

1
CH3

9 22

C

C

20

21

Cl

HO

Cl

H

B

C
O

O
23

24

25 26

27

O

– H O2

(and rearrangement)

C O

CH2Cl

C

O

O

CH3

CH3

3

4 6

7

810

11

12

13

14

15

16
17

18

19

20

21

5

2

1
CH3

9

O
O

O
23

24

25 26

27

22

H

A

– HCl
(epoxide formation)

O

CH
3

3

4 6

7

810

11

12

13

14

15

16
17

18

19

5

2

1
CH3

9
22

O

C

C

20

21

Cl

H

C

C
O

O
23

24

25 26

27

O

C O

CH2Cl

O

CH3

CH3

3

4 6

7

810

11

12

13

14

15

16

17

18

19

20

21

5

2

1
CH3

9

OH

22

O

H

D

(and rearrangement)

Hydrolysis

H

– HCl
(epoxide formation)

– H O2

CH3

CH
3

Figure 1 Structures of degradation products of mometasone furoate (MF), with proposed degradation pathways and 21-configuration of

products B and C. Thick arrows indicate major pathways.

622 X. W. Teng et al



(300 and 600 ·M) of 4-methylpyrazole caused some
decrease in the reaction rate, with an apparent Ki of
around 700 ·M, provided its inhibition was competitive.
Furthermore, diethyldithiocarbamate reduced the reac-
tion rate, with an IC50 of approximately 84 ·M. In con-
trast, furafylline and sulfaphenazole did not exhibit
significant inhibition of the reaction at concentrations
higher than its effective concentration.

Analysis of kinetics of the in-vitro metabolism
of MF in rat liver microsomes

Based on knowledge of the chemical structure, introduc-
tion of a hydroxy group at C-6 of the MF molecule would
not be expected to cause a significant environmental
change to the 1,4-diene-3-one chromophore and the
furan-2-carboxyl chromophore. It was evident that 6­ -
hydroxy-MF exhibited a nearly identical UV spectrum to
MF (data not shown). Assuming the HPLC/UV response
of 6­ -hydroxy-MF was equivalent to that of MF, the high
yield of 6­ -hydroxy-MF in rat liver tissue S-9 and micro-
somal fractions indicates that 6­ -hydroxylation is the pri-
mary metabolic pathway of MF in rat liver in-vitro. The
apparent formation of 6­ -hydroxy-MF would contribute
to approximately 43% of the total loss of the parent drug
in rat liver tissue S-9 fraction, estimated from the slopes of
the linear regression lines of the apparent rate versus
protein concentration. This suggests that MF also under-
goes metabolism through other pathways, which can be
parallel or subsequent, or both. Except for 6­ -hydroxy-
MF, under the present experimental conditions, none of
the other metabolites postulated by Affrime et al (2000a)
were observed in rat liver in-vitro. In addition, the C-17
ester-bond hydoxylated product of MF was not observed
in any media tested. The possible reasons of this could be:
(i) mometasone was not resolved from other compounds
in the HPLC analysis; and (ii) the apparent formation of
mometasone was too low. Comparing the chromatograms
from Affrime et al (2000a) (in which mometasone, the
proposed product of hydrolysis, was eluted after 6­ -
hydroxy-MF) with those in the present study, mometa-
sone was expected to be eluted after the degradation
product D (the hydrolysate of degradation product A) as
in parallel relationship of A and MF through the reversed-
phase HPLC system used in this study. It was less likely
that mometasone fell into the front peaks in the HPLC
chromatogram. Therefore, it was likely that the mometa-
sone formed was too low to be detected and/or mometa-
sone was sequentially metabolized to other product(s) that
were not resolved by the HPLC method. Thus, a kinetic
scheme was proposed for the in-vitro MF metabolism in
rat liver (Figure 7). The disappearance of MF, the forma-
tion and disappearance of metabolite 6­ -hydroxy-MF
(M) can be described by differential Equations 3 and 4.
As no data were available for N and O, no differential
equations for these supposed products were included.

‰MFŠ0 ˆ ¡…kFM ‡ kFN†‰MFŠ …3†

‰MŠ0 ˆ kFM‰MFŠ ¡ kMO‰MŠ …4†

0

0.5

1

1.5

2

2.5

0 10 20 30 40 50 60

Time (min)

MF remaining

M formed

C
o

n
ce

n
tr

at
io

n
 (

)
mM

Figure 2 Typical time course for mometasone furoate (MF)

(C0 ˆ 2.6 ·M) and its metabolite 6­ -hydroxy-MF (M) in rat liver

microsomes (protein 0.2 mg mL¡1) at 37 ¯C. *The concentration of

M formed is expressed relative to the MF concentration, assuming

equal HPLC/UV response. Symbols represent mean values and the

vertical bars indicate the standard deviation of duplicate determina-

tions. The lines represent simulation using Equations 3 and 4 accord-

ing to the model for MF metabolism in-vitro (Figure 7).

0

1

2

3

4

5

0 10 20 30 40 50 60 70

MF disappearance

M formation

v 
(n

m
o

lm
in

(m
g

 p
ro

te
in

)
–1

1–

MF conc ( )mM

Figure 3 The rates of mometasone furoate (MF) (C0 ˆ 0.2 ¡ 65 ·M)

disappearance and 6­ -hydroxy-MF (M) formation following incuba-

tion in pooled rat liver microsomes (protein 0.2mg mL¡1) at 37 ¯C.

Symbols represent experimental data and the lines were fitted by a

biphasic Michaelis-Menten model (Equation 7; Vmax1 ˆ 1.09nmol

min¡1 (mg protein)¡1, Km1 ˆ 1.32·M, CL2 ˆ 0.054) and simple

Michaelis-Menten equation (Vmax ˆ 1.24, Km ˆ 2.15·M) for MF

and M, respectively. *The concentration of M formed is expressed

relative to the MF concentration, assuming equal HPLC/UV

response.

Rat metabolism and degradation kinetics of mometasone furoate 623



Characters in brackets represent the concentrations of
parent drug or product at time t, while [X]0 represents the
derivates of X with respect to t.

This model was tested by fitting the experimental data
of MF obtained from experiments in rat liver microsomes,
with curve-fitting performed using SCIENTIST. Good
correlation (r2 > 0.99) was obtained between the observed
and the predicted values of MF remaining. A typical plot
with both experimental and theoretical data is shown in
Figure 2.

A better estimation of the 6­ -hydroxy-MF formation
rate (kFM) was achieved using Equations 3 and 4, com-
pared with the estimation using the apparent 6­ -hydroxy-
MF concentration in the initial phase. For example, by
fitting the observed data to these equations, the relation-
ship between the microsomal protein concentration and
the reaction rate constant, for both total loss of MF
(kFM ‡ kFN) and formation of 6­ -hydroxy-MF (kFM),

was closer to the real situation. In comparison, the appar-
ent rates of 6­ -hydroxylation, obtained from the slopes of
initial phase of 6­ -hydroxy-MF formation in the concen-
tration±time course, were underestimated by 29 § 11%.
The result was that the apparent contribution of 6­ -
hydroxylation was averaged at only ¹30% of the total
loss of MF, given by the slopes of the linear regression
lines.

As indicated by the kinetic data in Figure 3, in rat liver
microsomes, the relationship between the rate of 6­ -
hydroxylation and the initial concentration of MF was
closely correlated with a monophasic Michaelis-Menten
kinetics (Equation 5), with Km of 1.24 ·M and Vmax of
2.15 nmol min¡1 (mg protein)¡1, respectively (r2 ˆ 0.9943,
MSC ˆ 3.4; SCIENTIST), whereas the disappearance of
the parent drug exhibited atypical Michaelis-Menten
kinetics.

v ˆ …Vmax‰MFŠ†=…Km ‡ ‰MFŠ† …5†

The hyperbolic Michaelis-Menten kinetics for the 6­ -
hydroxylation was verified by the corresponding Eadie-
Hofstee plot, which was nearly linear (Figure 8). This
suggests that the reaction involved one enzyme or several
enzymes with similar values of Km in rat liver microsomes.
In comparison, the Eadie-Hofstee plot for the loss of the
parent drug from the reaction media was clearly concave
in nature, which is the feature of allosteric-enzyme kinetics
or multiple-enzyme kinetics. The studies using enzyme
inhibitors have demonstrated the possibility of involve-
ment of more than one enzyme in MF metabolism.
Additionally, as displayed in Figure 3, after 6­ -hydroxy-
lation was saturated at high drug concentrations, MF was
still metabolized via other routes that were not saturated
under the experimental conditions. This provided the
information that the catalysing components towards dif-
ferent pathways probably had distinct affinities and capa-
cities. Thus, the multiple-enzyme model (Equation 6)
rather than the Hill equation would be more appropriate
for describing these kinetic processes.

¸ ˆ Vmax1 ¢ ‰MFŠ
Kml ‡ ‰MFŠ ‡ Vmax2 ¢ ‰MFŠ

Km2 ‡ ‰MFŠ ‡ . . . …6†

Table 1 Rate of 6­ -hydroxy-mometasone furoate (M) formation and the effect of

1-aminobenzotriazole (200·M) following incubation of mometasone furoate (MF) (C0 ˆ 4 ·M,

n ˆ 3) in subcellular fractions of rat liver.

Subcellular fraction of rat liver Rate of M formation (pmol min¡1 (mg protein)¡1)

Original rate In the presence of 1-aminobenzotriazole

Microsomes 658.35§ 28.80 144.78§ 0.96

Cytosol 2.69§ 0.41 0.94§ 0.21

Mitochondria 28.39§ 2.11 13.15§ 0.08

Nuclei 10.69§ 0.41 3.74§ 0.19

M formed is expressed relative to the concentration of MF, assuming equal HPLC/UV response.

Rate of M formation was calculated from the slope of the initial linear phase of M formed.
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major metabolite 6­ -hydroxy-MF (M) in the K-H buffer incubated

with everted rat intestinal tissue. Everted intestinal tissue of rat no. 6

was incubated with MF (C0 ˆ 19 ·M ˆ 10 ·g mL¡1) in 25 mL K-H

buffer at 37 ¯C. *Estimation was made from the peak area ratio of

MF and M in samples remaining in the incubation media at each

sampling point relative to the initial value of MF, assuming equal

HPLC/UV absorbance between MF and M and not taking account

of the loss as a result of sampling. Symbols represent the mean values

of duplicate experimental data.

624 X. W. Teng et al



When multiple enzymes are involved in the reaction and
the low affinity enzymes possess high capacity that is not
saturable under the experimental conditions, Equation 6
can be simplified to Equation 7.

¸ ˆ Vmax1 ¢ ‰MFŠ
Kml ‡ ‰MFŠ ‡ CLi ¢ ‰MFŠ …7†

where CLi represents Vmax/Km, the intrinsic clearance of a
drug due to the enzymes having low affinity but high
capacity. Equation 7 has one parameter less than
Equation 6, thus estimation of parameters for the high-
affinity enzyme(s) can be more reliable. Since in-vivo drug
concentrations can rarely exceed the Km of the low-affin-
ity enzyme(s), the high-affinity process usually accounts
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Figure 5 Inhibitory effect of mometasone furoate (MF) 6­ -hydroxylation by ketoconazole illustrated by (A) Dixon and (B) Lineweaver-

Burk plots. MF (1.6, 3.2 and 9.6 ·M) was incubated for 8 min at 37 ¯C in pooled rat liver microsomes (protein 0.2 mg mL¡1) in the presence of

0.1, 0.5, 2 or 10 ·M ketoconazole. Symbols representing parameters: Ki, inhibition constant; Km, Michaelis constant; Kp, Michaelis constant in

the presence of enzyme inhibitor; Vp, maximum velocity in the presence of enzyme inhibitor.

10

100

0 10 20 30

Pre-incubation time (min)

0

20

100

500

[I] ( )mM

slope = –ki.obs

A

0 100 200 300 400 500 600

[I] (mM)

0

0.01

0.02

0.03

0.04

0.05

Ki
¢

0.5ki.max

B

%
 o

f 
co

n
tr

o
l 

ac
ti

vi
ty

k
(m

in
)

l,
o

b
s

–1
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The parameters ki,max and K0
i were estimated using Equation 2 by the least-square method. Incubation of MF (C0 ˆ 1.6 ·M) was carried out for

8 min at 37 ¯C after pre-incubation of troleandomycin (20, 100 and 500·M) in pooled rat liver microsomes (protein 0.2 mg mL¡1) for 0, 5, 15

and 30 min.
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for the majority of net intrinsic clearance. Therefore,
characterization of the high-affinity process is generally
of most clinical importance.

When the kinetic data set of the parent drug metabo-
lism was tested with Equation 7, a good correlation with
the simulated data was obtained (Figure 3; r2 ˆ 0.9927,
MSC ˆ 3.6; SCIENTIST). Moreover, the kinetic para-
meters for the high-affinity catalyst (Vmax1 and Km1)
were comparable with those for 6­ -hydroxylation (Table
2). The intrinsic clearance of MF via the low-affinity
enzymatic reaction was approximately 6.5% of that
through the high-affinity metabolic pathway, 6­ -hydro-
xylation.

In addition to the Eadie-Hofstee plots, the biphasic and
monophasic Michaelis-Menten models were assessed
using plots from transformed kinetic data, for the total
loss of MF and the specific loss due to 6­ -hydroxylation,
respectively. The Lineweaver-Burk plot, illustrating sub-
strate±activity relationships (1/v vs 1/[MF]), became a

curvilinear line for MF disappearance, but formed an
almost straight line for 6-hydroxy-MF formation. The
kinetic parameters (Table 2) for the catalysing enzymes
were estimated from the intercepts shown on the graphs.
These data suggest the presence of multiple enzymes or
multiple isoforms of the enzyme involved in the in-vitro
metabolism of MF in rat liver microsomes, in which a
single enzyme or enzymes of similar affinity are responsi-
ble for its 6­ -hydroxylation with the remainder for other
reaction(s). Furthermore, the Hanes plot ([MF]/v ratio
versus [MF]) for the total loss of MF also displayed
biphasic nature, whereas that for the specific loss via
6-hydroxylation was again apparently monophasic in nat-
ure. The kinetic parameters for the enzyme systems dis-
playing different roles (Table 2) were estimated from the
slopes and intercepts on the plots. From the nature of the
plots, it was also evident that the in-vitro metabolism of
MF was mediated by multiple enzymes of distinct affinity
and capacity, while the 6­ -hydroxylation was apparently
catalysed by a single enzyme or enzymes of similar affinity.

The values of kinetic parameters estimated for MF 6­ -
hydroxylation from the three plots were rather close to
those generated using the simple Michaelis-Menten equa-
tion based on the experimental data (Table 2). For the
disappearance of the parent drug, the parameters derived
from the lines arbitrated to two-enzyme kinetics were also
similar among the three plots. However, there was a dis-
crepancy between the values obtained from these plots
and those from the biphasic kinetics (Equation 7), except
for Vmax of the high-affinity process. It is known that
monophasic kinetics does not mean that a reaction is
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O
kFM kMO

kFN

Figure 7 The scheme for the in-vitro biotransformation of mome-

tasone furoate (MF) in rat liver microsomes. kFM , kFN , and kM O are

the rate constants of corresponding reactions.
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only mediated by one enzyme. Accordingly, biphasic
kinetics implies the involvement of at least two distinct
catalysing systems. If the actual number of isoenzymes is
greater than two, the Michaelis constant Km may be a
hybrid parameter and, consequently, could probably be
intermediate between the actual values of individual iso-
enzymes.

Discussion

MF is clinically administered as an oral inhaler as well as
a nasal aerosol. After administration via the nasal or
inhaled routes, only about 20% of the drug enters the
lung and the remainder is swallowed and will enter the
gastrointestinal tract first and then the liver, and then the
lung, before entering the systemic circulation (Barns 1995;
Allen 2000). The metabolic and degradation kinetics of
MF in these first pass organs were therefore studied.
Because of the low solubility of MF (British
Pharmacopoeia 2000), after aerosol administration, its
initial local concentrations in the lung, the gastrointestinal
tract and perhaps the liver on the first pass will likely be
significantly higher than systemic concentrations. Thus,
the initial concentration of MF in the current study was
at the micromolar level.

The overall transformation pattern of MF in rat serum
and rat urine was qualitatively similar to that observed in
simulated lung fluid (Teng et al 2001). Although a more
rapid decomposition of MF occurred in rat serum, rela-
tively smaller amounts of product A but greater amounts
of product B were obtained, compared with that in the
urine. It has been previously reported that plasma proteins
can protect hydrocortisone from autoxidation to 21-dehy-
drocortisol in buffer of higher pH (Monder 1968). Based
on unpublished data, MF is highly (98±99%) bound to
human plasma protein (Sharpe and Jarvis 2001).
However, the presence of serum proteins did not protect
MF from decomposition in the current study. Conversely,

a higher apparent degradation of MF with a higher
formation of B but not A was observed in rat serum.
This might be a result of the catalytic effect of rat serum
towards B formation, and/or stabilization of compound B
by some component(s) in rat serum.

To identify the site(s) of metabolism for MF in rats, S-9
fractions of different tissues, including liver, intestine,
stomach, lung, kidney and spleen, were examined with or
without the cofactors. The formation of 6­ -hydroxy-MF
was found to be catalysed by NADPH-dependent
enzymes in the liver in a protein concentration-dependent
manner, whereas the formation of products A, B, C and D
was not. The large differences in the rate of MF 6­ -hydro-
xylation between S-9 fractions of rat liver and extrahepa-
tic tissues suggest that MF is mainly metabolized in the
liver and minimally in the extrahepatic organs tested in
rats in-vitro. This is in accordance with the findings of
Andersson et al (1982) that the liver tissue S-9 fraction
contains both soluble and microsomal enzymes respons-
ible for the biotransformation of glucocorticoids.
Furthermore, the threefold inter-individual variability in
the rate of MF 6­ -hydroxylation reflects that the enzyme
activity associated with the in-vitro metabolic process
varies significantly between rats. The S-9 fraction of extra-
hepatic tissues has been previously shown to present lim-
ited activity to catalyse 6­ -hydroxylation of some other
topical glucocorticoids, such as budesonide (Brattsand
et al 1982), methylprednisolone, prednisolone and hydro-
cortisone (Saitoh et al 1998). In addition, hydrolysis of the
ester group at C-21 has been found to be much more
extensive than that at C-17 (Ronca-Testoni 1983;
Andersson & Ryrfeldt 1984). Accordingly, the C-17 ster-
oidal ester MF and its products A, B and C would not be
expected to have significant hydrolysis in extrahepatic
tissues. This could be the reason why MF was relatively
stable in rat extrahepatic tissues. Zbaida et al (1997)
reported that MF was not metabolized by lung micro-
somes from rat, mouse, dog and human. In the present
study, the S-9 fraction of rat lung tissue expressed some

Table 2 Kinetic parameters for mometasone furoate (MF) disappearance and 6­ -hydroxy-MF (M) formation in pooled rat liver

microsomes.

Methods/plots Vmax1 Vmax2 Km1 Km2 Vmax1/Km1 Vmax2/Km2 Vmax/Km

(nmol min¡1mg¡1) (nmol min¡1mg¡1) (·M) (·M) (mL min¡1mg¡1) (mL min¡1mg¡1) (mL min¡1mg¡1)

MF disappearance

Equation 7 1.09 1.32 0.83 0.05 0.88

Eadie-Hofstee 0.86 6.08 0.29 30.25 2.97 0.20 3.17

Lineweaver-Burk 0.81 5.81 0.24 28.41 3.50 0.21 3.71

Hanes 1.00 6.20 0.59 30.53 4.16 0.20 4.36

M formation

Michaelis-Menten 1.24 2.15 0.58 0.58

Eadie-Hofstee 1.18 2.84 0.42 0.42

Lineweaver-Burk 1.01 2.13 0.47 0.47

Hanes 1.25 2.17 0.58 0.58

M formed is expressed as relative to MF concentration, assuming equal HPLC/UV response.
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ability in catalysing metabolism of MF. The discrepancy
may have resulted from differences in experimental con-
ditions and assay methods.

To elucidate the intracellular site of MF metabolism in
rat liver, incubations of MF were further performed in
nuclear, mitochondrial, cytosolic and microsomal frac-
tions of liver tissue. The results indicated that rat liver
microsomes were the primary host of enzymes responsible
for MF 6­ -hydroxylation. To further investigate the con-
tribution of individual CYP isoenzymes to MF 6­ -hydro-
xylation in rat liver microsomes, a number of potent and/
or selective chemical inhibitors and/or substrates used in
previous studies were employed. The competitive inhibi-
tory effect by ketoconazole was clearly indicated by the
characteristic intersecting points of the fitted lines in the
Dixon, Lineweaver-Burk and Eadie-Hofstee plots, as well
as the parallel lines in the Cornish-Bowden plots. In the
present investigation, the apparent Ki is roughly equival-
ent to the degree of potency of ketoconazole in the inhibi-
tion of testosterone 6­ -hydroxylation in rat liver
microsomes (IC50 ˆ 0.29 ·M; Eagling et al 1998). In addi-
tion, the apparent Ki here showed little dependence on the
100-fold ketoconazole concentration as indicated by the
low standard deviation. This implied that the inhibitory
effect present at low concentrations of ketoconazole was
not confounded by its increased concentration. Therefore,
the reaction could be mainly catalysed by CYP3A. In
addition, the concentration and pre-incubation time-
dependent inhibition by troleandomycin (Figure 6A), a
selective inhibitor of rat liver CYP3A (Delaforge et al
1988), further suggested the contribution of CYP3A. The
concentration-dependent inhibition by diazepam might be
owing to its competitive effect on CYP3A, which contri-
butes to diazepam C3-hydroxylase in rat liver (Neville et al
1993). However, the possible involvement of CYP2C11
could not be simply discounted since diazepam is also a
substrate of CYP2C11 for diazepam N-demethylation in
rat liver microsomes (Neville et al 1993). The inhibitory
effect by 4-methylpyrazole at very high concentrations
implied possible involvement of CYP2E1 (Yamazaki
et al 1992) and/or 2D1 (Clarke 1998), the equivalent
enzyme in the rat to human CYP2D6 (Umehara et al
1997). The involvement of CYP2D1, however, was not
supported by the test with quinidine. The latter is a select-
ive and potent CYP2D1 inhibitor with an effective con-
centration of 5 ·M (Umehara et al 1997), but did not
display marked inhibition at concentrations as high as
100 ·M. Owing to the low selectivity of diethyldithiocar-
bamate in rat liver microsomes (Eagling et al 1998), it was
not able to distinguish the role of individual CYP isoforms
(CYP1A2, 2C, 2E1 and 3A) in this reaction, although it
caused marked inhibition of MF 6­ -hydroxylation.
Among the related CYP families of this inhibitor,
CYP1A2 appeared not to be involved because no signifi-
cant inhibition was obtained with high concentrations of
furafylline, an inhibitor of CYP1A2 in rat liver micro-
somes (Hu & Bunce 1999). In addition, CYP2A appeared
not to be responsible for the in-vitro MF 6­ -hydroxyla-
tion in rat liver since coumarin, a substrate of rat CYP2A3
(Honkakoski & Negishi 1997), did not affect the reaction.

The results of the chemical inhibition study suggest that
CYP3A can be the major isoenzyme mediating MF 6­ -
hydroxylation in rat liver, while CYP1A2, 2A3, 2C11,
2D1 were not likely to be involved. The contribution of
other CYP isoforms, such as CYP2B, 2E1 and 2C11, was
not clearly defined. Further studies are needed to verify
these findings and to further clarify the responsibility of
individual CYP isoforms through reaction phenotyping
using antibodies against individual rat CYP isoforms,
purified or cDNA expressed enzymes and through corre-
lation studies using inter-individual variability in expres-
sion of the responsible CYP isoforms. Although there are
some species differences in the CYP isoform responsible
for xenobiotic metabolism (Correia 1995; Eagling et al
1998), the involvement of CYP3A in 6­ -hydroxylation
of steroids has been observed in both rats and humans
(Clarke 1998; Eagling et al 1998; Kenworthy et al 1999;
Obach et al 2001). The preliminary results here may throw
some light on the subsequent study and identification of
human CYP isoforms contributing to MF metabolism.

Whereas limited metabolism of MF was observed in
S-9 and microsomal fractions of rat intestinal tissue, con-
siderable metabolism of MF was observed with everted rat
intestine. This agrees with the previous finding that MF is
metabolized moderately in everted intestines of rat, mouse
and dog, with formation of 6­ -hydroxy-MF (Zbaida et al
1997). These results are also consistent with the knowledge
that everted sacs of mouse small intestine exhibited a high
catalytic activity in the metabolism of another steroid,
testosterone (Emoto et al 2000). These findings indicate
that the small intestine could also be a site of pre-systemic
metabolism for MF. Additionally, an important finding is
that the rapid disappearance of the MF from the incuba-
tion buffer was not solely due to metabolism of MF by the
intestinal tissue. In fact, while MF was metabolized by the
everted intestine, the parent drug and the metabolite
formed were taken up rapidly into the intestinal tissue
during the incubation. At the end of the incubation (5 h),
the majority of MF (¹88%) and 6­ -hydroxy-MF (¹80%)
remained in the intestinal tissue, and small amounts of
both the parent drug (¹3%) and the metabolite (¹4%)
were detected in buffer in the sac. Thus, the loss of MF
from the incubation buffer was primarily a result of
uptake by the intestinal tissue and secondly metabolism.
The rapid drug uptake by tissue could be due to binding
to tissue proteins, partitioning into the adipose portion of
the tissue and membrane lipid bilayer, because of the
lipophilic nature of both MF and the metabolite.

In summary, the present in-vitro kinetic studies reveal
the qualitative and quantitative differences in the in-vitro
biotransformation profiles of MF in different rat tissues.
In rat urine and serum, MF degrades to A, B, C and D,
following the chemical degradation pathways of MF that
also observed in buffer solutions. In-vitro, MF is metabol-
ized rapidly and extensively in rat liver, minimally in rat
extrahepatic tissues tested. Under the experimental condi-
tions, 6­ -hydroxy-MF is the primary metabolite of MF.
Furthermore, in rat liver, microsomes are the major
host of enzymes mediating this biotransformation. In
particular, CYP3A is the major CYP 450 enzyme respons-
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ible for this in-vitro biotransformation of MF in rat liver
microsomes. Studies on enzyme kinetics of the in-vitro
metabolism of MF indicate that the overall metabolic
process in rat liver microsomes follows biphasic
Michaelis-Menten kinetics, while 6­ -hydroxylation obeys
monophasic Michaelis-Menten kinetics. The kinetic para-
meters derived from the kinetic models along with the
enzyme inhibition studies suggest that MF is mainly meta-
bolized by 6­ -hydroxylation mediated by CYP3A primar-
ily, and also biotransformed via other pathway(s)
catalysed by other enzymes in rat liver in-vitro. In the
ex-vivo studies with rat tissues, MF is moderately meta-
bolized in the intestine with 6­ -hydroxy-MF as the
primary metabolite. In addition, tissue uptake was found
to account for the major loss of this drug from the incuba-
tion media.

In conclusion, this pre-clinical knowledge may clarify
how MF is metabolized in humans given the potential
suitability of rat as a model for studying the metabolic
kinetics of MF. Furthermore, the ability to optimize and
generate metabolite and degradation products of MF has
been established. Further studies on MF metabolism
kinetics in human and on the pharmacological aspects of
the degradation and metabolic products are ongoing.
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