Biochemical Pharmacology, Vol. 42, No. 3, pp. 559-568, 1991.
Printed in Great Britain.

GLUCURONIDATION OF 3'-AZIDO-3’-DEOXYTHYMIDINE
CATALYZED BY HUMAN LIVER UDP-
GLUCURONOSYLTRANSFERASE

SIGNIFICANCE OF NUCLEOSIDE HYDROPHOBICITY AND
INHIBITION BY XENOBIOTICS

ANDREA RESETAR,* DOUGLAS MINICKT and THOMAS SPECTOR}$

* Department of Pharmacology, University of North Carolina, Chapel Hill, NC 27514, U.S.A.; and
t Division of Organic Chemistry and i Division of Experimental Therapy, Burroughs Wellcome Co.,
Research Triangle Park, NC 27709, U.S.A.

(Received 20 September 1990; accepted 15 February 1991)

Abstract—The enzymatic glucuronidation of 3'-azido-3'-deoxythymidine (AZT) catalyzed by human
liver microsomal UDP-glucuronosyltransferase (EC 2.4.1.17, UDPGT) was inhibited by a number of
nucleoside analogs. The inhibitory potency of these nucleoside analogs correlated with their hydro-
phobicity (r* = 0.90, N = 13). Since similar results were obtained with solubilized UDPGT (r? = 0.87,
N = 7), the affinity of the nucleosides for UDPGT was probably being assessed rather than the ability
of the compounds to access the membrane-bound enzyme. Three homologous inhibitors, 3'-azido-2',3’-
dideoxyuridine (AzddU), 5-ethyl-AzddU, and 5-propyl-AzddU, were also studied as substrates of
UDPGT. The substrate efficiency (Vy.x/K,,) of these three compounds and AZT also correlated with
their hydrophobicity (r>=0.94). Sixteen drugs that are structurally unrelated to nucleosides also
inhibited the glucuronidation of AZT. The mechanism of inhibition was competitive for seven compounds
tested. K, values were estimated from Dixon plots for nine other less soluble inhibitors; their mechanism
of inhibition was assumed to be competitive. Since the peak physiological drug concentrations of the
tested inhibitors are considerably less than their K; values, none of these compounds are expected to
strongly inhibit AZT glucuronidation in humans. However, the rank order of these drugs with respect
to their inhibitory potential is probenecid > chrloramphenicol > naproxen > phenylbutazone > other
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drugs tested.

3'-Azido-3'-deoxythymidine (AZT,| zidovudine,
Retrovir®, BW AS509U), a potent inhibitor of HIV
replication in vitro [1, 2], is used in the treatment of
AIDS [3-5]. Although preclinical studies indicated
that AZT undergoes limited metabolism in various
animal species [6-9], AZT is extensively converted
to the inactive metabolite 3’-azido-3'-deoxy-5'-B-D-
glucopyranuranosylthymidine (GAZT) in humans
[9-11]. UDP-glucuronosyltransferase (EC 2.4.1.17)
enzymatically catalyzes this biotransformation [11-
13].

Although many endogenous and xenobiotic
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| Abbreviations: AIDS, acquired immunodeficiency
syndrome; AzddA, 3'-azido-2',3'-dideoxyadenosine;
AzddC, 3'-azido-2',3’'-dideoxycytidine; AzddG, 3'-azido-
2',3'-dideoxyguanosine; AzddU, 3’-azido-2’,3'-dideoxy-
uridine; AZT, 3'-azido-3’-deoxythymidine; BSA, bovine
serum albumin; ddT, 2',3’-dideoxythymidine; d4T, 2',3'-
dideoxy-2’',3’'-didehydrothymidine; DMSO, dimethyl sul-
foxide; DTT, dithiothreitol; GAZT, 3'-azido-3'-deoxy-5'-
B-D-glucopyranuranosylthymidine; HIV, human immu-
nodeficiency virus; K, inhibition constant; X,,, Michaelis—
Menten constant; 4MUB, 4-methylumbelliferone; NOG, N-
octyl-B-p-glucoside; TAPS, N-trisfhydroxy-methyl]methyl-
3-amino-propanesulfonic acid; UDPGA, UDP-glucuronic
acid; UDPGT, UDP-glucuronosyltransferase; v;, reaction
velocity in the presence of inhibitor; v,, reaction velocity
in the absence of inhibitor; V,,,,, maximal velocity; and
Vinax/ K, Substrate efficiency.
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compounds are converted to more polar, water-
soluble metabolites by enzymatic glucuronidation
[14], the generation of a nucleoside 5'-ether-
glucuronide is uncommon. Therefore, studies were
initiated to determine what factors allow AZT to be
converted to this unusual nucleoside metabolite by
human liver UDPGT. Hydrophobicity may be an
important factor since AZT is significantly more
hydrophobic than either thymidine or dideoxy-
thymidine [15], two nucleoside analogs that have
not been reported to be glucuronidated either in
vivo or in vitro. The results of the studies presented
here indicate that both the binding affinity and the
substrate efficiency of a series of nucleoside analogs
correlated with nucleoside hydrophobicity.

The present study also examined the potential of
other drugs to interfere with AZT glucuronidation.
Multiple drugs are co-administered with AZT in
the treatment of AIDS, associated opportunistic
infections, and additional medical complications.
Any co-administered xenobiotics that are substrates
of UDPGT may also be alternative-substrate
inhibitors of AZT glucuronidation. Inhibition of
AZT glucuronidation may increase the efficacy of
AZT against HIV replication [3-5] and/or toxicity
to bone marrow progenitor cells [16, 17]. The effects
of two UDPGT substrates, the uricosuric agent
probenecid [18] and the analgesic acetaminophen
[19], on the metabolism and pharmacokinetics of
AZT have been reported. Probenecid increases the
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area under the plasma concentration—time curve for
AZT by a factor of two [20-22], whereas
acetaminophen does not alter AZT pharmacokinetics
[23-25]). Therefore, not all compounds that are
glucuronidated in vivo affect AZT metabolism and
pharmacokinetics.

Sixteen drugs that are glucuronidated in humans
[14] were tested as inhibitors of AZT glucuronidation
in vitro. The results of these studies indicate that a
number of structurally unrelated drugs can inhibit
AZT glucuronidation. However, the low plasma
levels of these drugs relative to their inhibition
constants suggest that while none of the compounds
tested would be expected to strongly inhibit AZT
glucuronidation in humans, some small effects on
AZT metabolism and pharmacokinetics may be
observed.

MATERIALS AND METHODS

Chemicals. Acetaminophen, chloramphenicol,
cimetidine, dapsone, ethinylestradiol, furosemide,
lorazepam, morphine sulfate, 4-methylumbelliferone
(4MUB), (+)-naproxen, oxazepam, phenylbu-
tazone, probenecid, sulfinpyrazone, zomepirac,
UDPGA (sodium salt), N-octyl-B-D-glucoside, Esch-
erichia coli B-glucuronidase (Type X-A,EC3.2.1.31),
D-saccharic acid 1,4-lactone, dithiothreitol (DTT),
and N - tris[hydroxy - methyljmethyl - 3 - amino -
propanesulfonic acid (TAPS) were obtained from
the Sigma Chemical Co. (St. Louis, MO); Coomassie
Blue reagent was from Pierce Biochemicals (Rock-
ford, IL); and bovine serum albumin (BSA) from
Calbiochem (La Jolla, CA); HPLC grade ammonium
phosphate (monobasic), acetonitrile, and water were
from Mallinckrodt (St. Louis, MO); and Scintilene
and Scintiverse BD from Fisher Scientific (Fair
Lawn, NJ). AZT, [5-*H]AZT, GAZT and other
nucleoside analogs used in this study were synthesized
at the Wellcome Research Laboratories. All other
chemicals were of reagent grade.

Purification of [P H]AZT. Approximately 0.6 ymol
[P*HJAZT (12.5Ci/mmol) in 1mL of 10mM
ammonium phosphate, pH 5.5 (Buffer A), was
loaded onto a 300 mg PrepSep™ C, 5 column (Fisher
Scientific) equilibrated with Buffer A. The column
was washed with 6 mL of Buffer A and eluted with
5mL of 25% MeOH in Buffer A. Fractions (1 mL)
were collected and monitored for radioactivity.
Purified [*H]AZT eluted in 25% MeOH in Buffer
A and was stored at —25°. This material was greater
than 99% homogeneous as determined by HPLC
analysis.

Liver samples. Human liver samples were obtained
from organ donors or autopsy specimens. The livers
were perfused with ice-cold phosphate-buffered
saline, diced, and stored at —75°.

Microsome preparation. Microsomes were pre-
pared by differential centrifugation as described
(12, 26] and could be stored at —75° for 1 year with
no apparent loss of UDPGT.

Solubilization of microsomal protein. Microsomes
were resuspended in 25mM TAPS, pH 8.2 (4°),
20% glycerol, and 1 mM DTT and were solubilized
with 1.25mg N-octyl-8-D-glucoside (NOG) mg

protein. The final protein concentration was 10 mg/
mL. The mixture was stirred for 60 min at 4°
and then centrifuged at 100,000g for 60 min.
Approximately 70% of the microsomal protein and
75% of the glucuronidating activity (assayed with
4MUB as substrate) were recovered in the
supernatant. 4MUB glucuronidation was assayed as
described previously [12,27]. Solubilized enzyme
was dialyzed against 25 mM TAPS, pH 8.2, 20%
glycerol, and 0.05% NOG for 12 h to remove DTT
and reduce the NOG concentration prior to assays
of AZT glucuronidation. Solubilized enzyme could
be stored at —75° for 1 month with no apparent loss
of UDPGT.

Protein assays. A refined Coomassie Blue assay
was used to quantitate protein [28]. BSA was used
as the protein standard.

Inhibition of AZT glucuronidation. A radio-
chemical TLC method described previously [12] was
used to assay AZT glucuronidation. Nucleoside
analogs (at concentrations that produced 30-80%
inhibition) were tested as inhibitors of AZT
glucuronidation in reaction mixtures (40 uL) con-
taining 100 mM TAPS, pH 8.5, 10 mM MgCl,, 20 mM
UDPGA, 100-200 ug microsomal or solubilized
protein, and0.1 mM[*H]AZT (150 Ci/mol). Samples
(4 pL) were taken at 0, 20, 40, 60, 80 and 100 min to
determine if product formation was linear with
time. Since adenosine deaminase was detected in
microsome preparations and AzddA was an excellent
substrate for ADA (unpublished observation),
deoxycoformycin (10 uM), a potent ADA inhibitor
[29], was included in reaction mixtures containing
AzddA. Deoxycoformycin had no effect on AZT
glucuronidation. Pharmaceuticals were tested as
inhibitors of 0.1 mM AZT glucuronidation at three
to six concentrations. DMSO (5%) was present in
reaction mixtures containing dapsone, lorazepam or
oxazepam, and ethanol (2%) was present in reaction
mixtures containing ethinylestradiol to increase the
solubilities of the inhibitors. AZT glucuronidation
was inhibited 20% by either 5% DMSO or 2%
ethanol. Therefore, AZT glucuronidation rates
obtained in the presence of dapsone, lorazepam,
oxazepam, or ethinylestradiol were compared to
rates obtained from control reactions that contained
5% DMSO or 2% ethanol. When the mechanism of
inhibition of AZT glucuronidation was studied,
reaction mixtures (20 ulL) contained 0.5-10 mM
[*HJAZT (10Ci/mol) and inhibitors at con-
centrations from zero to six times their K; values.
Samples (4 uL) were taken and analyzed after 60 min
of incubation at 37°. Previous studies indicated that
reactions were linear for at least 80 min.

Glucuronidation of AzddU analogs. AzddU
analogs (1 mM) were assayed as substrates of
UDPGT in reaction mixtures (500 L) containing
100mM TAPS, pH 8.5, 10mM MgCl,, 20 mM
UDPGA, and 2-4 mg microsomal protein. Reactions
were initiated with enzyme and incubated at 37°.
Control reactions were incubated in the absence of
protein or UDPGA. At various time intervals, 100-
puL samples were taken, quenched with 0.5mL
acetonitrile plus 0.5 mL water, and centrifuged at
13,000 g for 5 min. Supernatants were evaporated to
dryness in a Speed Vac (Savant Instruments,
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Farmingdale, NY ), resuspended in 500 uL of 25 mM
ammonium phosphate, pH 7.2, and stored at —25°.
Product formation was analyzed by HPLC as
described below.

To confirm that the enzymatic products generated
from AzddU analogs were glucuronides, reactions
(350 L) that contained AzddU analogs, UDPGA,
and human liver microsomes were incubated for
90 min (4hr for AzddU) at 37°, quenched with
0.5 mL acetonitrile plus 0.5 mL water, and treated
as described above except that the samples were
resuspended in 85 uL of 100 mM KH,PO,, pH 6.8.
Samples (25 uL, 68 nmol nucleoside plus nucleoside
metabolites) of each reaction were then incubated
for 60 min at 37° in 100 mM KH,PO,, pH 6.8, with
170 units B-glucuronidase in the presence or absence
of 50 mM D-saccharic acid-1,4-lactone, a specific
inhibitor of B-glucuronidase [30]. The final reaction
volume was 90 uL.. Control reactions contained no
B-glucuronidase. Reactions were quenched and
treated as described above.

HPLC analysis. All samples were ultrafiltered
through a Centrifree micropartition system (Amicon
Corp., Danvers, MA) and were analyzed by an
HPLC method described previously [10] with some
modifications. Samples (100 uL) of the nucleosides
and their glucuronides were separated by reversed-
phase HPLC on a 4 x 250 mm Hibar® LiChrospher
100 (5 pm) RP-18 column (EM Science, Gibbstown,
NJ) at a flow rate of 1 mL/min for 30 min with a
mobile phase of 25 mM NHH,PO,, pH 7.2, and a
linear gradient of 0 to 45% CH;CN. The UV
absorbance of the column effluent was monitored
from 220 to 300 nm with an LKB 2140 Rapid Spectral
UV Detector (Pharmacia LKB Biotechnology,
Piscataway, NJ). Analyte peak areas, measured at
267 nm, were digitized and integrated by a DS-80Z
microcomputer (Digital Specialties, Chapel Hill,
NC). Peak areas were linearly related to the
concentrations of standards. The lower limit of
detection was 0.5 nmol of nucleoside or nucleoside
glucuronide. Retention times (min) for the com-
pounds analyzed were: AzddU, 19.7; AzddU-
glucuronide, 15.2; AZT, 21.8; GAZT, 16.3; 5-ethyl-
AzddU, 24.9; S-ethyl-AzddU-glucuronide, 17.9; 5-
propyl-AzddU, 28.1; and 5-propyl-AzddU-glu-
curonide, 19.9. Since authentic samples of AzddU-
glucuronide, 5-ethyl-AzddU-glucuronide, and 5-
propyl-AzddU-glucuronide were not available,
assignments of their retention times were based on
the retention times of the new product peaks.

Data analysis. Reaction velocities were obtained
from the initial, linear portion of the reactions.
Background radioactivity associated with GAZT
from control reactions that contained no UDPGT
(less than 0.5% of the total radioactivity) was
subtracted from the radioactivity associated with
GAZT from complete reactions. Velocities obtained
for AzddU analogs are reported as nanomoles
glucuronide produced per hour per unit of UDPGT.
One unit of UDPGT was defined as that amount of
enzyme which glucuronidates 1nmol of 1.0 mM
AZT/hr at 37° at pH 8.5. The apparent kinetic
constants K;, K,,,, and V., were determined from a
direct fit of the data to a hyperbola [31]. The
mechanism of inhibition by pharmaceuticals and

nucleosides was confirmed by statistical conf8rmity
of the data of the competitive model [32]. For
pharmaceuticals with limited solubilities, apparent
K; values were estimated from Dixon plots [33].
Inhibition was assumed to be competitive. For
nucleoside analogs, the equation K; = ([I]/i — [I])/
(1+[S]K,), where i=1-(v;/v,), was used to
calculate apparent K, values from fractional inhibition
data obtained at single substrate and inhibitor
concentrations. Inhibition was assumed to be
competitive.

Hydrophobicity constant determinations. A modi-
fied reversed-phase HPLC method designed to
model octanol/water partitioning [34] was used to
estimate hydrophobicity constants (log &’,). Since
the nucleoside analogs that were studied had short
retention times, log k', determinations were highly
influenced by small changes in the column void that
occurred with changes in mobile phase composition.
Therefore, column void volumes were determined
at each volume fraction of methanol (¢y.oy = 0.20,
0.25, 0.30, 0.35, and 0.40) used as the mobile phase,
and these column void volumes rather than a
single column void volume were used to derive
hydrophobicity constants as described previously
[34].

RESULTS

Inhibition of AZT glucuronidation by nucleoside
analogs. To determine whether hydrophobicity was
correlated with the affinity of a nucleoside for
UDPGT, hydrophobicity (log &;,) and inhibition (K;)
constants were measured for 17 nucleoside analogs
(Table 1). Since these compounds were structural
analogs of AZT, they were assumed to be competitive
inhibitors of AZT glucuronidation. Their K; values
were estimated from fractional inhibition data
obtained at 0.1 mM AZT and adequate inhibitor to
produce 30-80% inhibition. Thymidine, d4T, and
3’-amino-2’,3'-ddT, at 10 mM, produced less than
10% inhibition. Therefore, K; values could not be
estimated for these compounds. In addition,
hydrophobicity constants were not determined for
these three compounds because they were too
hydrophilic and were not retained on the Cg reversed-
phase column used to assess hydrophobicity.

To support the assumption that K; values could
be determined from fractional inhibition data, the
mechanism of inhibition of three nucleoside inhibitors
of AZT glucuronidation, AzddU. 5-ethyl-AzddU
and 5-propyl-AzddU, was studied. All three
compounds were competitive inhibitors of AZT
glucuronidation. The K; values (Table 2) obtained
for AzddU, 5-ethyl-AzddU, and 5-propyl-AzddU
from these competitive inhibition studies (9.1, 0.36
and 0.21 mM, respectively) were in good agreement
with those estimated from fractional inhibition data
(6.8, 0.36 and 0.15mM, respectively). Resuits
obtained with 5-ethyl-AzddU and 5-propyl-AzddU
are exemplified in Fig. 1.

A least squares linear regression analysis of the
plot log K; versus log k’,, showed a strong correlation
(r*=0.90, N =13) between inhibition of AZT
glucuronidation and hydrophobicity (Fig. 2). Since
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Table 1. Correlation between inhibition and hydrophobicity constants for nucleoside inhibitors of AZT
glucuronidation

I(illl
(mM)

Compound UDPGT
Microsomal Solubilized log &'t

(I)  5-Substituent modifications of AzddU

5-Propyl-AzddU 0.15 = 0.01 0.63 0.595
5-Ethyl-AzddU 0.36 = 0.04 1.1 0.209
5-Ethynyl-AzddU 0.75 + 0.04 1.4 0.186
5-Methyl-AzddU (AZT) 12%0.1 3.3 0.063
5-Azido-AzddU 3.1%0.6 7.8 -0.031
AzddU 6.8 +0.1 19 -0.111
5-Amino-AzddU 12+1 35 -0.273
Plott of log K; vs log k', (¥) (0.94) (0.87)

(slope) (-2.27) (—2.20)

(II)  Sugar modifications of ddT§

3'-Azido-2',3'-ddT (AZT) 1.2%0.1 0.063
2'-Azido-2',3’-ddT 22+04 0.030
3'-(xylo)-Azido-2’,3'-ddT 52%1 -0.038
3'-fluoro-2',3'-ddT 7.8%£0.9 -0.201
2',3'-ddT 23+1 -0.336
Plot of log K; vs log k',: (%) (0.85)

(slope) (—-2.44)

(II)  Nucleobase modifications of AZT

AzddG 0.98 +0.2 0.073
AZT 1.2+0.1 0.063
AzddU 6.8x0.1 -0.111
AzddC 241 -0.121
Plot of log K; vs log k',: (%) (0.87)

(slope) (—4.96)
AzddA| 48205 0.230

* K, values were calculated from inhibition data obtained at 0.1 mM AZT and inhibitor concentrations
that inhibited AZT glucuronidation 30-80% as described in Materials and Methods. Results obtained
with microsomal UDPGT are reported as the means + SD (N = 3). Results obtained with solubilized
UDPGT are the average of two determinations.

+ Hydrophobicity constants (log k’,) were determined as described in Materials and Methods.

1 Correlation coefficients (%) and slopes were determined from least squares linear regression analysis
of plots of log K; vs log k',,.

§ Thymidine, d4T, and 3'-NH,-ddT (at 10 mM) inhibited AZT glucuronidation less than 10%.
Hydrophobicity constants could not be measured for these three compounds due to their hydrophilic
nature.

| AzddA, an apparent outlier, was omitted from the calculations of correlation coefficient and slope.

Table 2. Kinetic constants for the enzymatic glucuronidation of AzddU analogs

K, or K* Velocity at 1.0 mM+t Vonack Veoa/ K
Compound (mM) (nmol/hr/unit) (nmol/hr/unit) (relative)
AzddU 9.1+0.8 0.61 £ 0.05 6.2 48
5-Methyl-AzddU (AZT) 2409 1.0 3.4 100
5-Ethyl-AzddU 0.36 = 0.04 1.8+0.1 2.5 470
5-Propyl-AzddU 0.21 £ 0.03 39=x0.2 4.7 1600

Plot§ of log (Vu/K.) vs log k',,: slope = 2.20, r2 = 0.94

* The K, for AZT is a mean = SD (N = 25). The K; values for AzddU, 5-ethyl-AzddU, and 5-propyl-AzddU
(K, £ SE) were determined from competitive inhibition studies.

t Velocities are means = SD (N = 5).

1 Vo values were calculated from the eguation Viuax = (0)(K + [SD/[S]. K; was assumed to equal X, [35].

§ The slope and correlation coefficient (%) were determined from least squares linear regression analysis of a plot of
log (Vou/K.) Vs log k',
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Fig. 1. Inhibition of AZT glucuronidation by (A) 5-ethyl-
AzddU and (B) 5-propyl-AzddU. The K; (=SE) values
for 5-ethyl- and 5-propyl-AzddU are 0.36 +0.04 and
0.21 + 0.03 mM, respectively. Inhibition was statistically
consistent with the competitive modet [32].

log Ky

Fig. 2. Plot of log K versus log k', for a series of nucleoside
analogs assayed as inhibitors of AZT glucuronidation.
Least squares linear regression analysis indicated that
binding affinity (X)) correlated well with hydrophobicity
(r* = 0.90, slope = —2.50). AzddA, an apparent outlier,
was not included in the correlation analysis. Key: (1) ddT,
(2) 5-amino-AzddU, (3) 3'-fluoro-ddT, (4) AzddC, (5)
AzddU, (6) 3'-xylo-azido-ddT, (7) 5-azido-AzddU, (8) 2'-
azido-ddT, (9) AZT, (10) AzddG, (11) 5-ethynyl-AzddU,
(12) 5-ethyl-AzddU, (13) 5-propyl-AzddU, and (14)
AzddA.

AzddA appeared to be an outlier, it was not included
in the linear regression analysis. Thymidine, d4T,
and 3’'-amino-2',3'-ddT were also omitted from the
analysis since accurate estimates of K; values could
not be obtained for these weak inhibitors. However,
since these weak inhibitors were also very hydrophilic,
they supported the correlation between inhibition
potency and hydrophobicity.

Strong correlations between log K; and log k,,
were also obtained when the effects of substitutions
at the 5-position of the pyrimidine ring of AZT or
nucleobase or sugar substitutions were analyzed
independently (Table 1).

The correlation between inhibition of AZT
glucuronidation and hydrophobicity was also studied
with solubilized UDPGT to determine whether the
affinity of a given nucleoside for the enzyme or the
ability of a compound to access the membrane-
bound enzyme was being assessed. Although the K;
values were higher with solubilized enzyme (Table
1), the correlation between log K; and log k', (r* =
0.87, slope = —2.20, N =7) was similar to the
correlation obtained in studies with microsomal
UDPGT (#? = 0.94, slope = —2.27, N = 7). There-
fore, the affinity of a nucleoside for UDPGT was
assessed in these studies.

AzddU analogs as substrates of UDPGT. To
test whether substrate efficiency (V../K,,) also
correlated with hydrophobicity, a series of three
homologous AZT analogs were studied as substrates
of UDPGT. HPLC analysis (see Materials and
Methods) of reaction mixtures indicated that AzddU,
5-ethyl-AzddU, and 5-propyl-AzddU were converted
to new UV-absorbing species. Product formation
increased with reaction time and was dependent on
UDPGT and UDPGA (data not shown). In addition,
the UV spectrum of each reaction product was
similar to the spectrum of the corresponding parent
compound. No differences in absorption spectra are
expected between the parent compounds and their
5'-O-glucuronides. Furthermore, reaction products
were reconverted to their respective parent com-
pounds by B-glucuronidase, and D-saccharic acid,
1,4-lactone, an inhibitor of B-glucuronidase [30],
prevented this reconversion (data not shown). These
data demonstrate that AzddU, 5-ethyl-AzddU, and
S-propyl-AzddU were substrates for UDPGT.

Reaction rates for the glucutonidation of AzddU,
AZT, 5-ethyl-AzddU, and 5-propyl-AzddU were
determined (Table 2), and V, values were
calculated according to the Michaelis-Menten
equation, Vi, = (0)(K,, +[S])/[S]. Since the nucleo-
side analog were substrates of UDPGT as well as
competitive inhibitors of AZT glucuronidation, K;
values were assumed to equal K, values [35]. Least
squares linear regression analysis of a plot of log
(Vmax/Kn) versus log k', for these analogs plus
AZT indicated that substrate efficiency (Vue/Kom)
correlated well with hydrophobicity (r2 = 0.94),

Xenobiotics as inhibitors of AZT glucuronidation.
Sixteen structurally unrelated pharmaceuticals that
are glucuronidated in humans were tested as
inhibitors of AZT glucuronidation. Their apparent
K; values were estimated from Dixon plots (Table
3). Inhibition was assumed to be competitive.
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Table 3. Inhibitors of AZT glucuronidation

Peak Potential
K.* (Dixon plot) Kt (Competitive) plasma levelst inhibition§
Inhibition (mM) (mM) (uM) (%)
AZT K,=24 2-10 {10] —
Probenecid 1.6 £ 0.06 20+03 700 [18, 36] 30
Chloramphenicol 0.25 +0.03 0.28 £ 0.01 25-60 [37, 38] 20
(+)-Naproxen 1.1 £0.05 1.2+0.1 50-180 [39] 10
Phenylbutazone 1.4+0.3 120 [40) 8
Dapsone 1.7x0.2 5-12 [37, 41} 1
Zomepirac|| 21+£02 15 [42,43] 0.7
Oxazepam 0.58 £ 0.04 0.65 £ 0.6 1.8-4.0 [37,44] 0.6
Furosemide 1.7+0.3 7 [37, 45] 0.4
Acetaminophen 14+6 204 30-80 [19 0.4
Sulfinpyrazone 21x02 3-6 [46 0.3
Sulfathiazole 245 75 [47 0.3
Sulfisoxazole 47 £ 8 50-80 {37 0.2
Lorazepam 0.16 = 0.009 0.25 +0.02 0.06-0.30 [37, 44] 0.1
Cimetidine 11202 312 [48] 0.1
Morphine 0.97 = 0.06 0.88 + 0.06 12 Gv) 49, 50] 0.1
0.04 [49 0.005

Ethinylestradiol 0.15 £ 0.05 0.0004 [51 <0.001
Acycloviry >50 413 [52, 53] <0.03

* Apparent K, values (X, * SE) were determined from Dixon plots as described in Materials and Methods. Inhibition
was assumed to be competitive. The AZT concentration was 0.1 mM.

+ K, values (K; = SE) were determined from competitive inhibition studies as described in Materials and Methods.

1 Peak plasma levels were obtained in vivo after oral administration except where noted. References for these values
are in brackets.

§ Theoretical percent inhibition obtainable in vitro at physiological concentrations ( peak plasma levels) of inhibitor
and AZT. The equation i = 100-[7]/(K, (1 + [S]/K,.) + [{]), where i = percent inhibition, was used to calculate theoretical
percent inhibition. Inhibition was assumed to be competitive for all compounds tested. Since binding of compounds to
plasma proteins was not taken into account, the percent inhibition values represent the theoretical maximum inhibition

obtainable.
Il Assays were done in the absence of Mg?*

. Zomepirac forms a precipitate in the presence of divalent metal cations,

9 Acyclovir, at a concentration of 6.4 mM, inhibited AZT glucuronidation less than 10%.

Acyclovir, a nucleoside analog that is not glu-
curonidated, but is being studied in combination with
AZT for the treatment of AIDS [53], was also tested.
Acyclovir, at a concentration 60-fold greater than
the concentration of AZT, did not inhibit AZT glu-
curonidation.

The mechanism of inhibition was studied for all
compounds with adequate solubilities (Table 3). The
seven compounds tested were competitive inhibitors
of AZT glucuronidation. The X values obtained
were in good agreement with the K; values estimated
from Dixon plots. Results obtained with morphine
and chloramphenicol are exemplified in Fig. 3.

DISCUSSION

The present study used human liver microsomes
as a source of UDPGT to determine whether
hydrophobicity is a factor in the glucuronidation of
AZT and other nucleoside analogs and whether
other xenobiotics could inhibit AZT glucuronidation.
These in vitro studies have advantages over
metabolism studies in laboratory animals for
assessing glucuronidation of nucleosides and for
studying inhibition of AZT glucuronidation because
major differences in AZT metabolism have been
observed among humans and other species [6-10].
Results obtained in vitro with microsomes prepared

from rat liver and human liver as the UDPGT
source accurately reflect the limited and extensive
glucuronidation of AZT observed in rats and
humans, respectively [12,13]. In addition, studies
with microsomal UDPGT have a potential advantage
over studies with purified UDPGT as microsomes
contain all isozymic forms of UDPGT and may
better reflect overall in vivo metabolism.

Previous studies have shown that hydrophobicity
is a factor in the glucuronidation of phenolic
compounds catalyzed by rat liver UDPGT [54] and
the glucuronidation of bile acids catalyzed by human
liver UDPGT [55]. Both the affinity and substrate
efficiency of bile acids appear to increase with
increasing bile acid hydrophobicity.

Results obtained from these studies indicate that
the binding affinity (X;) of nucleoside analogs for
UDPGT also correlates strongly with nucleoside
hydrophobicity. Hydrophilic nucleosides such as
thymidine, d4T, and 3'-NH,-2',3’-ddT do not appear
tobindto UDPGT, whereas hydrophobic nucleosides
such as 5-ethynyl-AzddU, 5-ethyl-AzddU, and 5-
propyl-AzddU bind more tightly to the enzyme than
does AZT. Therefore, hydrophobicity may be an
indicator of whether a nucleoside can bind to
UDPGT and potentially serve as a substrate of the
enzyme.

The substrate efficiency (V../K,) of four
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Fig. 3. Inhibition of AZT glucuronidation by (A) morphine
and (B) chloramphenicol. The K, (+SE) values for
morphine and chloramphenicol are 0.88 +0.06 and
0.28 = 0.01 mM, respectively. Inhibition was statistically
consistent with the competitive model [32].

nucleoside analogs also correlates strongly with
hydrophobicity. 5-Ethyl- and 5-propyl-AzzdU are
both more hydrophobic than AZT and are more
efficient substrates of UDPGT. AzddU, on the other
hand, is less hydrophobic and is a less efficient
substrate. Variability in K,, values rather than Vi,
values accounts for these substrate specificity
differences. K,, vatues differed by approximately 45-
fold, ranging from 0.2mM (5-propyl-AzddU) to
9mM (AzddU), whereas V,,,, values varied by less
than 3-fold.

Nucleoside analogs that are more hydrophobic
than 5-propyl-AzddU may be better substrates for
UDPGT. Since the efficient penetration of AZT
into the central nervous system is presumably crucial
to the ability of this agent to reverse the neurological
dysfunction due to HIV infection [56], the synthesis
of anti-HIV nucleoside analogs which are more
hydrophobic than AZT may be considered. Unfor-
tunately, the results from these studies indicate that
more hydrophobic nucleoside analogs may be
rapidly inactivated due to extensive first pass
glucuronidation.

Several recent studies indicate that monkeys
glucuronidate AZT more efficiently than do
non-primates [6-9,11,57], and the pattern of
glucuronidation is similar to that observed in humans
[10]. The metabolism of several other nucleoside
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analogs has also been investigated in monkeys. No
glucuronide metabolite of d4T is detected in the
urine of rhesus monkeys administered d4T [58],
whereas the glucuronide metabolites of 3’-fluoro-
2',3'-ddT [59] and AzddU [57] are readily detected
in the urine of monkeys administered 3'-fluoro-2’,3'-
ddT or AzzdU. The molar ratio of glucuronide
metabolite to unchanged 3'-fluoro-2',3’-ddT, 1.5, is
similar to the ratio of GAZT to AZT recovered in
cynomolgus monkey urine [7,11]. In humans AZT
is glucuronidated more extensively, and the urinary
GAZT/AZT ratio is approximately 5-6 [10]. Unfor-
tunately, the molar ratio of AzddU-glucuronide to
AzddU recovered in the urine was not reported.
Since AzddU and 3'-fluoro-2’,3'-ddT are significantly
more hydrophobic than d4T, the results obtained
from our correlation studies would have predicted
that AzddU and 3'-fluoro-2’,3'-ddT were more likely
than d4T to be glucuronidated in primates.

Nucleoside analogs are not the only compounds
that can inhibit AZT glucuronidation. The effect of
probenecid on the disposition of AZT in humans
[20-22] suggested that other drugs that undergo
significant glucuronidation may inhibit the con-
jugation of AZT and lead to an increase in AZT
plasma levels. Inhibition of AZT glucuronidation
would depend, however, on the substrate specificities
of the UDPGT isozymes found in humans [60-63].
Overlapping isozyme specificities toward a number
of xenobiotics have been observed. The studies
presented here indicate that a number of structurally
unrelated xenobiotics that form either O-,N- or C-
glucuronides can inhibit AZT glucuronidation.

Morphine, chloramphenicol, and several other
drugs are competitive inhibitors of AZT glu-
curonidation. The K; (0.9mM) determined for
morphine in these studies is in good agreement with
a K, (0.7 to 1.7 mM) determined previously for the
low affinity morphine UDPGT from human
liver [64,65]. The K; (0.15mM) estimated for
ethinylestradiol is also in good agreement with a K,
(0.2 mM) measured by Pacifici and Back [66]. These
results suggest that AZT may be glucuronidated by
an isozyme(s) of UDPGT that also glucuronidates
morphine and ethinylestradiol.

The kinetic constants determined in this study
were used to estimate the percent inhibition of AZT
glucuronidation that could be expected at peak
physiological drug concentrations (Tinle 3). None of
the compounds tested are predicted to produce a
strong inhibition of AZT glucuronidation. However,
some small effects on AZT metabolism and
pharmacokinetics may be observed in humans.

The competitive inhibitor probenecid is estimated
to inhibit AZT glucuronidation by approximately
30% at peak plasma concentrations of probenecid
and AZT. Acetaminophen, another competitive
inhibitor, is estimated to inhibit AZT glucuronidation
by less than 1%. Unadkat et al. {67] also reported
that acetaminophen is a much weaker inhibitor of
AZT glucuronidation in vitro than is probenecid.
Recent clinical data are consistent with the results
obtained in these in vitro studies. Probenecid
increases the area under the plasma concentration—
time curve for AZT by approximately 2-fold [20-
22], whereas acetaminophen has no effect on
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AZT pharmacokinetics [23-25]. Inhibition of AZT
glucuronidation is, therefore, not likely to be the
mechanism for the increase in hematologic toxicity
observed upon concurrent use of acetaminophen
and AZT [16].

Of the other pharmaceuticals studied in vitro, only
chioramphenicol and naproxen are estimated to
inhibit AZT glucuronidation by 10% or more at
peak physioclogical drug concentrations. Although
other compounds such as furosemide, lorazepam,
morphine, oxazepam, and zomepirac are excreted
almost exclusively as O-glucuronide conjugates
[37,42, 43, 49], these compounds are estimated to
inhibit AZT glucuronidation by less than 1% since
the peak physiological drug concentrations of these
inhibitors are considerably less than their K; values.
Dapsone, cimetidine, sulfisoxazole, and sulfathiazole
are also estimated to inhibit AZT glucuronidation
less than 1%. However, this result is not surprising
since these compounds are not glucuronidated
extensively in vive. Only 20-30% of a dose of
cimetidine {68] or dapsone [69] and less than 5% of
a dose of sulfisoxazole [14, 37, 70] or sulfathiazole
{14, 37, 71] are excreted as N-glucuronide conjugates
in humans. Phenylbutazone [40] and sulfinpyrazone
[46], compounds which can be excreted as C-
glucuronides in humans, are estimated to inhibit
AZT glucuronidation by 5 and 0.3%, respectively.
No systematic clinical study of the interaction of
AZT with any of these compounds has been
reported. Acyclovir, a nucleoside analog that is
being studied in combination with AZT for the
treatment of AIDS [53], does not inhibit AZT
glucuronidation in vitro and does not modify AZT
pharmacokinetics upon co-administration in humans
[53,72}.

To date, a limited number of in pive interactions
between AZT and other drugs have been reported.
However, as new therapies are developed to treat
AIDS, associated opportunistic infections, and other
medical complications, pharmacokinetic interactions
between these new therapies and AZT may be
observed. In vitro studies with human liver UDPGT
may indicate whether these therapies have the
potential to inhibit AZT glucuronidation in humans.
In addition, since results from these and other studies
[12, 13] indicate that in vitro studies with human
liver UDPGT are consistent with results obtained in
humans, further studies with this model system may
increase our understanding of nucleoside analogs as
a new class of UDPGT substrate.

Acknowledgements—The authors thank Janet Rideout,
John Hill, Steven Good, George Freeman, Lowrie
Beacham, and Merrick Almond for providing the nucleoside
analogs used in this study; Steven Tibbels and David
Reynolds for discussions on HPLC analysis of nucleoside
metabolites; Steven Good and Paulo de Miranda for
discussions on AZT pharmacokinetics and metabolism;
and Thomas Krenitsky for his support and interest in this
study. A R. is the recipient of a predoctoral fellowship
awarded by the Chemical Industry Institute of Toxicology
{CuT).

REFERENCES

1. Mitsuya H, Weinhold KJ, Furman PA, St. Clair MH,

10.

11.

12.

13.

14,

15.

A. RESETAR, D. MiNICK and T. SPECTOR

Lehrman SN, Gallo RC, Bolognesi D, Barry DW and
Broder S, 3'-Azido-3'-deoxythymidine (BW A509U):
An antiviral agent that inhibits the infectivity and
cytopathic effect of human T-lymphotropic virus type
111/lymphadenopathy-associated virus in vitro. Proc
Natl Acad Sci USA 82: 7096-7100, 1985.

. Nakashima H, Matsui T, Harada S, Kobayashi N,

Matsuda A, Ueda T and Yamomote N, Inhibition of
replication and cytopathic effect of human T
cell lymphotropic virus type III/lymphadenopathy-
assoctated virus by 3'-azido-3'-deoxythymidine in vitro.
Antimicrob Agents Chemother 30; 933-937, 1986,

. Yarchoan R, Klecker RW, Weinhold KJ, Markham

PD, Lyerly HK, Durack DT, Gelmann E, Nusinoff-
Lehrman S, Blum MR, Barry DW, Shearer GM, Fischl
MA, Mitsuya H, Gallo RC, Collins JM, Bolognesi DP,
Myers CE and Broder S, Administration of 3'-azido-
3'-deoxythymidine, an inhibitor of HTLV-III/LAV
replication, to patients with AIDS or AIDS-related
complex. Lancet 1: 575-580, 1986.

. Fischl MA, Richman DD, Grieco MH, Goitlieb MS,

Volberding PA, Laskin OL, Leedom IM, Groopman
JE, Mildvan D, Schooley RT, Jackson GG, Durack
DT and King D, The efficacy of azidothymidine (AZT)
in the treatment of patients with AIDS and AIDS-
related complex: A double-blind, placebo-controlied
trial. N Engl 7 Med 317: 185-191, 1987.

. Creagh-Kirk T, Doi P, Andrews E, Nusinoff-Lehrman

S, Tilson H, Hoth D and Barry DW, Survival
experience among patients with AIDS receiving
zidovudine: Follow-up of patients in a compassionate
plea program. JAMA 260: 3009-3015, 1988.

. Krasny HC and Good SS, Pharmacokinetics and

metabolism of azidothymidine in the dog. Fed Proc 45:
207, 1986.

. de Miranda P, Burnette TC and Good SS, Disposition

and pharmacokinetics of the antiviral drug 3'-azido-3'-
deoxythymidine (Retrovir) in monkeys and rats. In:
Program and Abstracts of the 27th Interscience
Cenference on Antimicrobial Agents and Chemo-
therapy, New York, NY, October 47 1987, p. 182.
American Society for Microbiology, Washington, DC,
1987.

. de Miranda P, Burnette TC and Good S§, Tissue

distribution and metabolic disposition of zidovudine in
rats. Drug Mewb Dispos 18: 315-320, 1990.

. Good SS, Durack DT and de Miranda P, Biotransform-

ation in various species and in humans of 3'-azido-3'-
deoxythymidine, a potential agent for the treatment of
AIDS. Fed Proc 45: 444, 1986.

Blum MR, Liao SHT, Good S§ and de Miranda P,
Pharmacokinetics and bioavailability of zidovudine in
man. Am J Med 85 (2A): 189-194, 1988.

Good S8, Koble CS§, Crouch R, Johnson RL, Rideout
JL and de Miranda P, Isolation and characterization
of an ether glucuronide of zidovudine, a major
metabolite in monkeys and humans. Drug Memb
Dispos 18: 321-326, 1990.

Resetar A and Spector T, Glucuronidation of 3'-azido-
3’-deoxythymidine: Human and rat enzyme specificity,
Biochem Pharmacol 38: 1389-1393, 1989.

Cretton EM, Bevan R and Sommadossi JP, Glu-
curonidation of 3'-azido-3’-deoxythymidine (AZT) by
rat and human liver microsomes. Clin Pharmacol Ther
45: 182, 1989,

Dutton GJ, Glucuronidation of Drugs and Other
Compounds (Ed. Dutton GI). CRC Press, Boca Raton,
FL, 1980.

Zimmerman TP, Prus KL, Mahony WB and Domin BA,
3'-Azido-3'-deoxythmidine and acyclovir: Antiviral
nucleoside analogues with unusual cell membrane
permeation properties. In: Purine and Pyrimidine
Merabolism in Man VI, Part B (Eds. Mikanagi X,



16.

17.

18.

19.

20.

21.

23,

24,

25.

26.

27

29.

30.

3L

Glucuronidation of AZT

Nishioka K and Kelly WN), pp. 399-406. Plenum
Publishing, New York, NY, 1989.

Richman DD, Fischl MA, Grieco MH, Gottlieb MS,
Volberding PA, Laskin OL, Leedom JM, Groopman
JE, Mildvan D, Hirsch MS, Jackson GG, Durack
DT and Nusinoff-Lehrman S, The toxicity of
azidothymidine (AZT) in the treatment of patients
with AIDS and AIDS-related complex: A double-
blind, placebo-controlled trial. N EnglJ Med 317: 192-
197, 1987.

Sommadossi JP and Carlisle R, Toxicity of 3'-azido-3-
deoxythymidine and 9-(1,3-dihydroxy-2-propoxyme-
thyl)guanine for normal human hematopoietic pro-
genitor cells in witro. Antimicrob Agents Chemother
31: 452-454, 1987.

Cunningham RF, Israili ZH and Dayton PG, Clinical
pharmacokinetics of probenecid. Clin Pharmacokinet
6: 135-151, 1981.

El-Obeid HA and Al-Badr AA, Acetaminophen. In:
Analytical Profiles of Drug Substances (Ed. Florey K),
Vol. 14, pp. 551-596. Academic Press, Orlando, FL,
198s.

Kornhauser DM, Petty BG, Hendrix CW, Woods AS,
Nerhood LJ, Bartlett JG and Lietman PS, Probenecid
and zidovudine metabolism. Lancet 2: 473475, 1989.
de Miranda P, Good SS, Yarchoan R, Thomas RV,
Blum MR, Myers CE and Broder S, Alteration of
zidovudine pharmacokinetics by probenecid in patients
with AIDS or AIDS-related complex. Clin Pharmacol
Ther 46: 494-500, 1989.

. Hedaya MA, Elmquist WF and Sawchik RJ, Probenecid

inhibits the metabolicand renal clearances of zidovudine
(AZT) in human volunteers. Pharm Res 7: 411-417,
1990.

Ptachinski RJ, Pazin G and Ho M, The effect of
acetaminophen on the pharmacokinetics of zidovudine.
Pharmacotherapy 9: 190, 1989,

Koda RT, Ko RJ, Antoniskis D, Shields M, Melancon
H, Cohen JL, Leedom JM and Sattler FR, Effect of
acetaminophen on the pharmacokinetics of zidovudine.
In: Abstracts of the Fifth International Conference on
AIDS, Montreal, Canada, June 4-9 1989, p. 203.
International Development Research Centre, Ottowa,
Canada, 1989.

Steffe E, Inciardi J, King J, Flynn N, Goldstein E and
Tanjes T, Analysis of the effect of acetaminophen on
zidovudine pharmacokinetics in HIV-infected patients.
In: Abstracts of the Fifth International Conference on
AIDS, Montreal, Canada, June 4-9, 1989, p. 560.
International Development Research Centre, Ottowa,
Canada, 1989.

Lake BG, Longland RC, Harris RA, Collins MA,
Herod IA and Gangolli SD, The effect of treatment
with some phase II substrates on hepatic xenobiotic
metabolism and the urinary excretion of metabolites
of the D-glucuronic acid pathway in the rat. Toxicol
Appl Pharmacol 52: 371-378, 1980.

Frei J, Schmid E and Birchmeier H, UDP-glu-
curonosyltransferase. In: Methods of Enzymatic
Analysis (Ed. Bergmeyer HU), Vol. II, pp. 721-726.
Verlag Chemie, Weinham, Germany, 1974,

. Spectro T, Refinement of the Coomassie Blue method

of protein quantitation. Anal Biochem 86: 142-146,
1978.

Agarwal RP, Spector T and Parks RE, Tight-binding
inhibitors—IV: Inhibition of adenosine deaminase by
various inhibitors. Biochem Pharmacol 26: 359-367,
1977.

Levvy GA, The preparation and properties of -
glucuronidase. IV: Inhibition by sugar acids and their
lactones. Biochem J 52: 464-472, 1952,

Cleland WW, Statistical analysis of enzyme kinetic
data. In: Methods in Enzymology (Ed. Purich DL},

32.

33.

34,

35.

36.

37.
38.

39.

40.

41.

42.

43,

44,
45.

47.

48,

49,

50.
51

52,
53.

567
Vol. 63, pp. 103-138. Academic Press, New York,
1979,

Spector T and Hajian G, Statistical methods to
distinguish competitive, noncompetitive, and uncom-
petitive enzyme inhibitors. Anal Biochem 115: 403-
409, 1981.

Dixon M, The determination of enzyme inhibition
constants, Biochem J 55: 170-171, 1953.

Minick DJ, Frenz JH, Patrick MA and Brent DA, A
comprehensive method for determining hydrophobicity
constants by reversed-phase high performance liquid
chromatography. J Med Chem 31: 1923-1933, 1988,
Spector T and Cleland WW, Meanings of K;
for conventional and alternate-substrate inhibitors.
Biochem Pharmacol 30: 1-7, 1981.

Dayton PG, Yu TF, Chen W, Berger L, West LA
and Gutman AB, The physiological disposition of
probenecid, including renal clearance, in man, studied
by an improved method for its estimation in biological
material. J Pharmacol Exp Ther 140: 278-286, 1963,
Physician’s Desk Reference, Vol. 44. Medical Econ-
omics Co., Oradell, NJ, 1990.

Ambrose PI, Clinical pharmacokinetics of chlor-
amphenicol and chloramphenicol succinate. Clin
Pharmacokinet 9; 222-238, 1984.

Runkel R, Chaplin M, Boost G, Segre E and Forchielli
E, Absorption, distribution, metabolism, and excretion
of naproxen in various laboratory animals and human
subjects. J Pharm Soc 61: 703-708, 1972.

Ali SL, Phenylbutazone. In: Analytical Profiles of Drug
Substances (Ed. Florey K), Vol. II, pp. 483-521.
Academic Press, Orlando, FL, 1982.

Gelber R, Peters JH, Gordon GR, Glazko AJ and
Levy L, The polymorphic acetylation of dapsone in
man. Clin Pharmacol Ther 12: 225-238, 1971.

Nayak RK, Ng KT, Gottlieb S and Plostnieks J,
Zomepirac kinetics in healthy males. Clin Pharmacol
Ther 27: 395401, 1980.

Muschek LD and Grindel JM, Review of phar-
macokinetics and metabolism of zomepirac in man and
animals. J Clin Pharmacol 20: 223-229, 1980.
Greenblatt DJ, Clinical pharmacokinetics of oxazepam
and lorazepam. Clin Pharmacokinet 6: 89-105, 1981.
Kelly MR, Cutler RE, Forrey AV and Kimpel BM,
Pharmacokinetics of orally administered furosemide.
Clin Pharmacol Ther 15: 178-186, 1974,

. Dieterle W, Faigle JW, Mory H, Richter WJ and

Theobald W, Biotransformation and pharmacokinetics
of sulfinpyrazone {Anturan®) in man. Eur J Ciin
Pharmacol 9: 135-145, 1975,

Tawashi R and Piccolo J, Inhibited dissolution of drug
crystals by certified water-soluble dyes: In vivo effect.
J Pharm Sci 61: 1857-1858, 1972.

Brogden RN, Heel RC, Speight TM and Avery GS,
Cimetidine: A review of its pharmacological properties
and therapeutic efficacy in peptic ulcer disease. Drugs
15: 93131, 1978,

Brunk FS and Delle M, Morphine metabolism in man.
Clin Pharmacol Ther 16: 51-57, 1974,

Spector § and Vessel ES, Disposition of morphine in
man. Science 174: 421-422, 1971.

Orme ML, Back DJ and Breckenridge AM, Clinical
pharmacokinetics of oral contraceptive steroids. Clin
Pharmacokinet 8: 95-136, 1983,

Laskin OL, Clinical pharmacokinetics of acyclovir.
Clin Pharmacokiner 8: 187-201, 1983,

Surbone A, Yarchoan R, McAtee N, Blum MR, Maha
M, Allain JP, Thomas RV, Mitsuya H, Lehrman SN,
Leuther M, Pluda JM, Jacobsen FK, Kessler HA,
Myers CE and Broder S, Treatment of the acquired
immunodeficiency syndrome (AIDS) and AIDS-
related complex with a regimen of 3'-azido-2',3'-
dideoxythymidine (azidothymidine or zidovudine) and
acyclovir. Ann Intern Med 108: 534-540, 1988,



568
54.

55.

56.

5.

58.

39.

61.

62.

A. ReSETAR, D. Minick and T. SPECTOR

Illing HPA, Lipophilicity of acceptor substrate as a
factor in “late foetal” rat liver microsomal UDP-
glucoronosyltransferase activity. Biochem Pharmacol
29: 999-1006, 1980.

Matern S, Matern H, Farthmann EH and Gerok W,
Hepatic and extrahepatic glucuronidation of bile acids
in man. J Clin Invest 74: 402-410, 1984,

Yarchoan R, Berg G, Brouwers P, Fischl MA, Spitzer
AR, Wichman A, Grafman J, Thomas RV, Safai B,
Brunetti A, Perno CF, Schmidt PJ, Larson SM,
Myers CE and Broder S, Response of human-im-
munodeficiency-virus-associated neurological disease
to 3'-azido-3'-deoxythymidine. Lancet 1: 132-135,
1987.

Boudinot FD, Schinazi RF, Gallo JM, McClure HM,
Anderson DC, Doshi KP, Kambhampathi PC and
Chu CK, 3'-Azido-2',3'-dideoxyuridine (AzddU):
Comparative pharmacokinetics with 3’-azido-3'-de-
oxythymidine (AZT) in monkeys. AIDS Res Hum
Retroviruses 6: 219228, 1990,

Kaul S, Dandekar KA and Pittman KA, Analytical
method for the quantification of 2’,3’-didehydro-3'-
deoxythymidine, a new anti-human immunodeficiency
virus (HIV) agent, by high-performance liquid
chromatography (HPLC) and ultraviolet (UV) detec-
tion in rat and monkey plasma. Pharm Res 6: 895-899,
1989.

Schinazi RF, Boudinot FD, Doshi KJ and McClure
HM, Pharmacokinetics of 3'-fluoro-3'-deoxythymidine
and 3’-deoxy-2’,3'-didehydrothymidine in rhesus mon-
keys. Antimicrob Agents Chemother 34: 1214-1219,
1990.

. Irshaid YM and Tephly TR, Isolation and purification

of two human liver UDP-glucuronosyitransferases. Mol
Pharmacol 31: 27-34, 1987.

Tephly T, Green M, Puig J and Irshaid Y, Endogenous
substrates for UDP-glucuronosyltransferases. Xeno-
biotica 18: 1201-1210, 1988.

Burchell B and Coughtrie MWH, UDP-glucuro-
nosyltransferases. Pharmacol Ther 43: 261-289, 1989.

63.

64.

65.

67.

68.

69.

70.

71.

72.

Tephly TR and Burchel B, UDP-glucurono-
syltransferases: A family of detoxifying enzymes.
Trends Pharmacol Sci 11: 276-279, 1990.

Sawe J, Pacifici GM, Kager L, von Bahr C and Rane
A, Glucuronidation of morphine in human liver and
interaction with oxazepam. Acta Anaesthesiol Scand
[Suppl] 74: 47-51, 1982.

Miners JO, Lillywhite KJ and Birkett DJ, In vitro
evidence for the involvement of at least two forms of
human liver UDP-glucuronosyltransferase in morphine
3-glucuronidation. Biochem Pharmacol 37: 2839-2845,
1988.

. Pacifici GM and Black DJ, Sulphation and glu-

curonidation of ethinyloestradiol in human liver in
vitro. J Steroid Biochem 31: 345-349, 1988.

Unadkat JD, Schumann L and Roskos L, A simple
and rapid in vitro microsomal system to screen for
metabolic drug—drug interactions with anti-HIV
compounds. In: Program and Abstracts of the 28th
Interscience Conference of Antimicrobial Agents and
Chemotherapy, Los Angeles, CA, October 23-26
1988, p. 345. American Society for Microbiology,
Washington, DC, 1988.

Mitchell SC, Idle JR and Smith RL, The metabolism
of ["Clcimetidine in man. Xenobiotica 12: 283-292,
1982.

Ellard GA, Absorption, metabolism, and excretion
of di(p-aminophenyl)sulphone (dapsone) and di(p-
aminophenyl)sulphoxide in man. Br J Pharmacol 6:
212-217, 1966.

Uno T and Kuno M, Studies on the metabolism of
sulfisoxazole. J Pharm Soc Jpn 82: 16601664, 1963.
Uno T and Ueda M, Studies on the metabolism of
sulfathiazole. Chem Pharm Bull {Tokyo) 11: 709-712,
1963.

de Miranda P, Weller S, Maha M, Lifson AR, Piccini
MA, Rutherford GW, Hollander H and Blum MR,
Pharmacokinetics of zidovudine {(ZDV) and acyclovir
(ACV) during concurrent drug administration in
asymptomatic men with HIV infection. In: Programs
and Abstracts of the Fourth International Conference
on AIDS, Stockholm, Sweden, June 12-16, 1958, p.
253. BioData Publishers, Washington, DC, 1988.



