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Zidovudine (3'-azido-3'-deoxythymidine [AZT]), an antiviral nucleoside analog effective in the treatment of
human immunodeficiency virus infection, is primarily metabolized to an inactive glucuronide form, GAZT, via
uridine-5’-diphospho-glucuronosyltransferase (UGT) enzymes. UGT enzymes exist as different isoforms, each
exhibiting substrate specificity. Published clinical studies have shown that atovaquone, fluconazole, metha-
done, and valproic acid decreased GAZT formation, presumably due to UGT inhibition. The effect of these
drugs on AZT glucuronidation was assessed in vitro by using human hepatic microsomes to begin under-
standing in vitro-in vivo correlations for UGT metabolism. The concentrations of each drug studied were equal
to those reported with the usual clinical doses and at concentrations at least 10 times higher than would be
expected with these doses. High-performance liquid chromatography was used to assess the respective metab-
olism and formation of AZT and GAZT. All four drugs exhibited concentration-dependent inhibition of AZT
glucuronidation. The respective concentrations of atovaquone and methadone which caused 50% inhibition of
GAZT were >100 and 8 pg/ml, well above their usual clinical concentrations. Fluconazole and valproic acid
exhibited 50% inhibition of GAZT at 50 and 100 pg/ml, which are within the clinical ranges of 10 to 100 and
50 to 100 pg/ml, respectively. These data suggest that inhibition of AZT glucuronidation may be more clinically
significant with concomitant fluconazole and valproic acid. Factors such as inter- and intraindividual phar-
macokinetic variability and changes in AZT intracellular concentrations should be considered as other

mechanisms responsible for changes in AZT pharmacokinetics with concomitant therapies.

Two major enzyme groups responsible for the metabolism of
both endogenous and exogenous compounds to more water-
soluble conjugates are the cytochrome P-450 (CYP) and the
uridine 5’-diphospho-glucuronosyltransferase (UGT) families.
Of these, the CYP enzymes have been the most extensively
studied. These enzymes are known to exist as several different
isoforms. Research over the last several years has yielded valu-
able information on the use of metabolism data from in vitro
experiments to predict in vivo metabolism (14, 16). In fact,
CYP in vitro data have been shown to be so predictive that
they minimize the need for in vivo data to characterize drug
metabolism, modify drug doses, and predict some drug inter-
actions. Furthermore, these data have played an integral role
in more rational study designs and drug development for new
therapeutic entities (3, 37).

Glucuronidation via UGT to more water-soluble glucuro-
nide forms is another major metabolic pathway for a large
number of endogenous and exogenous compounds. As has
been demonstrated with CYP enzymes, UGT also has been
found to exist in several isoforms, with each isoform exhibiting
substrate specificity for metabolism. However, the full charac-
terization of UGT enzymes has yet to occur (4, 5, 11). Specif-
ically, there are no published data which correlate glucuronida-
tion data in vitro with findings in vivo.
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This investigation was undertaken to begin to assess the
relationship between glucuronidation in vitro and human me-
tabolism in vivo for zidovudine (3'-azido-3’-deoxythymidine
[AZT]), a reverse transcriptase inhibitor effective against hu-
man immunodeficiency virus (HIV). AZT has been shown to
prolong survival, decrease the incidence of opportunistic infec-
tions, and increase the quality of life in HIV-infected patients
and is effective in preventing perinatal transmission when used
in HIV-infected pregnant mothers pre- and peripartum (7, 13).
AZT is used in combination with several other drugs in the
medical management of HIV-infected patients. However, it
has a narrow therapeutic index, with dose-limiting bone mar-
row toxicities being the most common toxicities reported.
Higher concentrations of AZT are associated with higher fre-
quency and greater severity of bone marrow suppression (26).

AZT is primarily metabolized to its inactive glucuronide,
GAZT, via UGT, although the specific isoform responsible for
this reaction has yet to be determined (4). There are data from
numerous studies in vitro and in vivo where the inhibition of
AZT glucuronidation has been reported, but there are no data
which directly correlate these in vitro data with data obtained
from in vivo studies (12, 15, 28-31, 33, 35).

Atovaquone, fluconazole, methadone, and valproic acid are
drugs often used in combination with AZT in the medical
management of patients infected with HIV. Atovaquone and
fluconazole are therapies used in the treatment or prevention
of Pneumocystis carinii pneumonia and fungal infections, re-
spectively (10, 34). Methadone may be used chronically as part
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of a maintenance program for HIV-infected patients with a
past history of drug abuse (8). Valproic acid is an anticonvul-
sant drug which may be used in HIV-infected patients with
central nervous system complications (6). Drug interaction
studies in vivo have reported that these drugs alter AZT phar-
macokinetics via inhibition of formation of the glucuronide
metabolite of this compound, GAZT, with subsequent in-
creases in the concentrations of the parent compound, AZT, in
serum (18, 23, 24, 32).

We report the results of this in vitro investigation, the pur-
pose of which was to determine if atovaquone, fluconazole,
methadone, and valproic acid inhibited AZT glucuronidation
in human hepatic microsomes. We correlated these in vitro
findings with the published in vivo data to begin to develop a
more complete understanding of both the mechanism behind
the observed clinical data and the usefulness of metabolic data
in vitro to serve as a predictor for pharmacokinetic interactions
in vivo.

MATERIALS AND METHODS

Materials. Atovaquone and fluconazole were obtained from reference stocks
of the Food and Drug Administration. All other compounds were obtained from
Sigma Chemical Company (St. Louis, Mo.). Human liver samples, medically
unsuitable for transplantation, were obtained from the Washington Regional
Transplant Consortium (Washington, D.C.). Human liver samples were obtained
and immediately sectioned and stored at —70°C. Microsomes were prepared by
differential centrifugation as previously described and stored at —70°C until used
(17).

Glucuronidation of AZT by human liver microsomes. Metabolic time curves
were performed to determine the optimal incubation time and microsomal pro-
tein content and to assess AZT glucuronidation in buffer solution in the presence
and absence of bovine serum albumin (BSA). GAZT was not produced in the
absence of uridine-5'-diphosphoglucuronic acid (UDPGA). All incubations were
of 0.5- to 1-ml mixtures which contained 20 puM AZT, 1 mM UDPGA, 2.25%
BSA in 5 mM MgCl,, 0.1 M NaPO,, 1 mM EDTA (pH 7.4), and 1 mg of protein
per ml from a mixture of liver microsomes from three human donors and the
individual inhibitors. The inhibitors and the concentrations used included atova-
quone at 40 and 400 pg/ml; fluconazole at 10 and 100 pg/ml; ketoprofen at 0.5
mM; methadone at 0.1, 1.0, 10, and 100 pg/ml; miconazole at 0.5 mM; probe-
necid at 0.5 mM; and valproic acid at 100 and 1,000 pug/ml. Atovaquone was
dissolved in 0.1 N NaOH, and an aliquot was added to each sample, which
contained a molar equivalent of HCI to neutralize any effect of the NaOH.
Fluconazole was dissolved in 0.01 M HCI. Miconazole was dissolved in ethanol,
100 pl was added to the sample tube, and the ethanol was evaporated before any
other additions were made to the sample tube. Probenecid was dissolved in 3%
NaHCOs;, and 25 pl was added to the sample tube. There were no vehicle effects
from the solvents used to dissolve the test compounds. All other compounds
were initially dissolved in water. AZT samples were incubated for 60 min in a
37°C shaking water bath. Each 1-ml reaction was stopped with an equal volume
of acetonitrile, and an additional 1 ml of acetonitrile was added to a 200-pl
aliquot of this mixture. The samples were then centrifuged at 14,000 X g for 3
min, and the resultant supernatants were dried under vacuum and used for
analysis of AZT and GAZT concentrations. All experiments were run in tripli-
cate, and the results were confirmed by running each set of experiments on 2
separate days.

Analysis of AZT and GAZT. AZT and GAZT were analyzed by high-perfor-
mance liquid chromatography. The dried sample extract was reconstituted with
100 wl of the mobile phase consisting of 9% acetonitrile, 0.1% trifluoroacetic
acid, 0.15% triethylamine pH 2 to 3. The separation of AZT and GAZT was
accomplished under isocratic conditions by using a Zorbax 300SB Cg column (4.6
by 250 mm) (Mac-Mod, Intl., Chadds Fords, Pa.), with a similar guard column,
at a flow rate of 1 ml/min. Under these conditions, the retention times for GAZT
and AZT were 7.3 and 9.3 min, respectively. Confirmation of GAZT was made
with a reference standard, and spectral confirmation was done with a diode array
detection system. The percentage of AZT metabolism was determined from each
sample by dividing the area of the GAZT peak by the sum of the areas of the
AZT and GAZT peaks. The coefficient of variation for the assay was 6%, and the
limit of sensitivity was 0.4 WM.

RESULTS

Glucuronidation of AZT by human liver microsomes. The
rate of AZT glucuronidation by human liver microsomes was
substantially increased by the addition of 2.25% BSA (Fig. 1).
Under these conditions, AZT was readily metabolized for up
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FIG. 1. Rate of AZT (m) glucuronidation to its metabolite, GAZT (@), in
the presence (solid lines) and absence (dashed lines) of BSA after 60 min of
incubation.

to 240 min when human liver microsomes containing 1 mg of
microsomal protein per ml were used. For all subsequent re-
actions, we chose to incubate all of our reaction mixtures for 60
min, since the reaction rate remained linear over that time
period, and we observed approximately 20% conversion of
AZT to its glucuronide metabolite at that time point.

The effects of methadone on the glucuronidation of AZT
are shown in Fig. 2. Methadone inhibited the glucuronidation
of AZT in a concentration-dependent manner, as determined
by the percentage of GAZT inhibition compared to that in
control reactions. Methadone at 0.1 pg/ml showed 17% * 8%
GAZT inhibition, while methadone at 100 pg/ml showed al-
most total inhibition of the metabolism of AZT to its glucuro-
nide metabolite.

Figure 3 shows the effects of the other inhibitors used in this
study on AZT glucuronidation, determined in a manner simi-
lar to that described above with the methadone incubations.
The three control compounds, ketoprofen, miconazole, and
probenecid, all inhibited the glucuronidation of AZT. These
three compounds are known to inhibit AZT glucuronidation in
vitro (12, 25, 31). Probenecid has been shown to inhibit AZT
glucuronidation in vivo, although it is not frequently used in
the treatment of patients with HIV infection (22). Atova-
quone, fluconazole, and valproic acid inhibited AZT glucu-
ronidation in a concentration-dependent fashion. Approxi-
mately 30% inhibition of AZT glucuronidation was seen with
the lower concentrations of atovaquone and fluconazole,

METH 0.1 pg/ml

METH 1.0 pg/mi

METH 10 pg/ml

METH 100 pg/mi

0% 20% 40% 60% 80% 100%
% GAZT Inhibition

FIG. 2. Effects of increasing concentrations of methadone (METH) on the
glucuronidation of AZT after 60 min of incubation as determined by the per-
centage of GAZT inhibition compared to that in controls (mean =* standard
deviation).
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ATOV 40 pg/ml

ATOV 400 pg/ml

FLU 10 pg/mi

FLU 100 pg/ml

VAL 100 pg/ml

VAL 1000 pg/ml

KTP 0.5 mM

MIC 0.5 mM

PRO 0.5mM
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FIG. 3. Effects of other inhibitors on glucuronidation of AZT after 60 min of
incubation as determined by the percentage of GAZT inhibition compared to
that in controls (mean * standard deviation). ATOV, atovaquone; FLU, flucon-
azole; VAL, valproic acid; KTP, ketoprofen; MIC, miconazole; PRO, probenicid.

whereas the higher concentrations of both of these inhibitors
produced 70% inhibition of AZT glucuronidation. Valproic
acid at 100 pg/ml produced 50% inhibition of AZT glucu-
ronidation, while complete inhibition was seen when a concen-
tration of 1,000 pg of valproic acid per ml was used.

DISCUSSION

The characterization and understanding of the uridine-5’-
glucuronosyltransferase enzyme family has become a more re-
cent focus of metabolism research. The UGT enzymes have
been divided into two distinct groups, the UGT1 and UGT2
families, based on different amino acid sequences. These two
families are further divided into several different isoforms,
based on gene sequencing and cDNA cloning techniques. Like
the CYP enzymes, the UGT isoenzymes exhibit substrate spec-
ificity. For example, UGT1*1 is known to be the major isoform
that metabolizes bilirubin, while many of the isoforms of the
UGT?2 family metabolize both endogenous and exogenous ste-
roid molecules. There are many isoforms of UGT that are yet
to be identified; in fact, the isoform which is responsible for the
glucuronidation of AZT has not yet been elucidated (4, 5, 11).

It has been established that the binding site for UGT is on
the luminal side of the endoplasmic reticulum in the microso-
mal preparation; UGT is latent until the endoplasmic reticu-
lum membrane is disrupted to expose the enzyme’s active site.
Compounds which disrupt these membranes increase the en-
zymatic activity of UGT up to 20-fold (5, 11). It is also known
that these compounds may act to solubilize UGT, rendering
the enzyme more active (5). In our experiments, the rate of
AZT metabolism to its glucuronide metabolite was substan-
tially increased when BSA was included in the incubation mix-
tures; there was a 15-fold increase in the amount of GAZT
formed after 60 min of incubation (Fig. 1). Fenoldopam glu-
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curonidation showed a similar effect with BSA (21). We be-
lieve that BSA was necessary for these experiments, by acting
to disrupt the membrane of the endoplasmic reticulum. This,
then, allows UGT’s active site(s) to be available to catalyze the
glucuronidation reaction.

Atovaquone’s effect on zidovudine metabolism was evalu-
ated in a clinical drug interaction study by Lee and colleagues
(23). They reported a 33% increase in the area under the
concentration-time curve (AUC) for AZT, with a correspond-
ing decrease in the AUC of GAZT of 6% at atovaquone
concentrations of 17 pg/ml. However, the true effects of atova-
quone on AZT pharmacokinetics are difficult to assess in this
clinical study because of the large standard deviations reported
for the AZT and GAZT data (23). The atovaquone steady-
state maximum concentration in plasma was reported to be 24
pg/ml when an atovaquone suspension of 750 mg two times
daily was given to five HIV-infected volunteers (9). In our in
vitro experiments, atovaquone concentrations of 40 and 400
wg/ml caused decreases in GAZT formation of 33% = 8% and
68 £ 7% (mean = standard deviation), respectively. Our re-
sults show that atovaquone at concentrations of =40 pg/ml
inhibits AZT glucuronidation. The lower concentrations of this
drug in plasma seen in patients lessen the clinical relevance of
this inhibition in vivo.

Fluconazole levels in plasma at conventional doses of 200
mg have been reported to be 10 pg/ml, or 100 wg/ml when
fluconazole was administered at doses of 2 g daily (1, 36). Our
study showed concentration-dependent inhibition of AZT glu-
curonidation at these concentrations of 24% = 8% and 65% =*
5%, respectively. Sahai et al. (32) reported an increase in both
AZT maximum concentration in plasma and AUC, with a
corresponding decrease in the oral clearance of this drug in 12
HIV-infected men receiving 400 mg of fluconazole daily. The
average peak concentration of fluconazole in plasma in these
subjects was 23.8 pg/ml. The authors hypothesized that flucon-
azole was directly inhibiting the glucuronidation of AZT; our
in vitro data support this hypothesis as a likely mechanism to
explain these clinical observations.

Methadone is a narcotic analgesic used for pain relief as well
as in patients enrolled in maintenance programs for purposes
of drug rehabilitation. Methadone concentrations in plasma in
patients range from the low value of 0.03 wg/ml for pain relief
up to 0.6 pg/ml in patients enrolled in methadone maintenance
programs (2, 19, 20). In a more recent study of the pharmaco-
kinetics of oral and intravenous AZT in patients enrolled in a
methadone maintenance program, Jatlow and colleagues
found a 30% decrease in GAZT formation with methadone
therapy; methadone concentrations ranged from 0.19 to 0.38
wg/ml (18). Our in vitro data are consistent with these clinical
results. As shown in Fig. 2, at concentrations of 0.1 and 1
wg/ml, methadone exerted approximately a 20% inhibition of
the conversion of AZT to its glucuronide metabolite. The
quantitative differences between these in vitro and in vivo data
are due, perhaps, to our incomplete understanding of the con-
tribution of all factors, including drug concentration, on these
findings. However, in this case, dose-limiting methadone tox-
icities make the inhibition of AZT glucuronidation at higher
methadone concentrations (i.e., >1 pg/ml) irrelevant from a
clinical perspective.

Valproic acid is an anticonvulsant whose levels in plasma are
titrated to concentrations of between 50 and 100 pg/ml, al-
though lower or higher concentrations can be used, based on
the success of seizure control (6). Lertora et al. (24) reported
inhibition of AZT glucuronidation measured by a 50% de-
crease in urinary excretion of GAZT in six HIV-infected pa-
tients receiving valproic acid at doses of 250 mg every 8 hin a
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TABLE 1. Clinical concentrations of atovaquone, fluconazole,
methadone, and valproic acid versus in vitro concentration
causing 50% inhibition of GAZT formation”

In vitro concn causing Clinical

Drug 50% inhibition of GAZT concn References
formation (g/ml) (pg/ml)
Atovaquone >100 =10 9, 23, 34
Fluconazole 50 10-100 1, 10, 32, 36
Methadone 8 <0.6 2, 8, 18-20
Valproic Acid 100 50-100 6, 24

“ Compared with that in controls.

concentration-dependent manner. Increases in the AUC for
AZT in plasma were found to be linearly correlated to trough
concentrations of valproic acid in plasma of between 32 and 68
wg/ml (24). Our in vitro data show 47% = 10% GAZT inhi-
bition at a concentration of 100 pg/ml and complete inhibition
of this reaction at a concentration of 1,000 pg/ml.

We chose microsomal drug concentrations in vitro equal to
concentrations of these drugs in plasma reported when each is
used clinically, as well as concentrations 10-fold higher. In
addition, for methadone, we evaluated concentrations 100 and
1,000 times above the usual clinical concentrations. It is not
known, however, if microsomal concentrations are higher than,
lower than, or similar to plasma drug concentrations. At con-
centrations equal to the usual clinical plasma drug concentra-
tions, all four drugs tested proved to be inhibitors of AZT
glucuronidation to some degree, with the inhibition being
greater at the higher concentrations studied.

However, it is not clear how to interpret the results obtained
from the experiments both in vitro and in vivo with respect to
their clinical relevance for patients receiving AZT and these
other therapies. Table 1 shows the comparison of the usual
clinical concentrations of these drugs in plasma compared to
the concentration in vitro which caused 50% inhibition of
GAZT formation. The clinical concentrations achieved with
atovaquone and methadone compared to the concentrations in
vitro needed for 50% inhibition of GAZT formation make it
less likely that UGT inhibition by these two drugs would be
relevant at the usual clinical plasma drug concentrations,
whereas it may be more significant with fluconazole and val-
proic acid. Furthermore, as shown in Fig. 2 and 3, complete
inhibition of AZT glucuronidation in vitro occurred only with
concentrations of the inhibiting drugs well above the plasma
drug concentrations observed with the usual clinical doses of
these drugs (1, 2, 6, 9, 19, 20, 36). None of the in vivo inter-
action studies included any pharmacodynamic assessments to
accompany the pharmacokinetic results (18, 23, 24, 32). Fi-
nally, there is significant inter- and intrapatient variability in
the pharmacokinetics of AZT (27). The variability in the AZT
concentrations reported in the clinical studies could, to some
degree, be due to the inherent pharmacokinetic variability of
the drug. Therefore, while inhibition of glucuronidation may
indeed result in higher AZT concentrations in vivo, it is im-
portant to remember all of the factors that in toto, could affect
the clinical and toxicity profiles observed in patients receiving
AZT therapy.
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