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The metabolism and pharmacokinetics of 6-methoxypurine arabinoside (ara-M), a potent and selective
inhibitor of varicella-zoster virus, were investigated in rats and monkeys. In Long Evans rats, orally
administered [8-'4CIara-M (10 mg/kg) was well absorbed but extensively metabolized to hypoxanthine
arabinoside (ara-H), hypoxanthine, xanthine, uric acid, and allantoin. Only 4% of an oral dose was recovered
in the urine as unchanged drug, compared with 40% of an intravenous dose, indicating significant presystemic
metabolism. Pretreatment of rats with 1-aminobenzotriazole, an inhibitor of cytochrome P-450, did not alter
this metabolism. Pretreatment with deoxycoformycin or erythro-9-(2-hydroxy-3-nonyl)adenine hydrochloride,
inhibitors of adenosine deaminase, resulted in a marked decrease in ara-M metabolism, indicating that
adenosine deaminase plays a major role in the biotransformation of ara-M. In cynomolgus monkeys,
[8-'4C]ara-M (10 mg/kg) administered intravenously or orally was extensively metabolized to ara-H. Several
minor urinary metabolites were detected in both rats and monkeys. However, adenine arabinoside was not
found in urine or plasma from either rats or monkeys after administration of ara-M, except for a very low level
detected in the urine of rats pretreated with deoxycoformycin. The elimination half-lives of intravenously
administered ara-M in rats and monkeys were 29 and 45 min, respectively. The corresponding half-lives of the
primary metabolite, ara-H, were 44 min and 2.3 h. Plasma profiles of orally administered ara-M in both rats
and monkeys demonstrated the poor oral bioavailabifity of this arabinoside. The results of these studies indicate
that ara-M is not well suited for oral administration because of extensive presystemic metabolism.

Recently, a series of 6-alkoxypurine arabinosides was
demonstrated to have activity against varicella-zoster virus
(VZV) in vitro (2). In that series of compounds, 6-methoxy-
purine arabinoside (ara-M) was the most potent. In addition,
ara-M was more potent than the agents used clinically for the
treatment of herpes zoster, acyclovir (ZOVIRAX) and ade-
nine arabinoside (ara-A; Vidarabine) (28). ara-M is an effi-
cient substrate for VZV-encoded thymidine kinase (2) and
undergoes highly selective anabolism in VZV-infected hu-
man foreskin and lung fibroblasts (4, 8).

This paper describes the metabolism and pharmacokinet-
ics of ara-M in two animal models, Long Evans rats and
cynomolgus monkeys. These studies were conducted to aid
in evaluating the in vivo suitability of this arabinoside as an
anti-VZV agent.

MATERIALS AND METHODS
Chemicals. ara-M was synthesized at Wellcome Research

Laboratories as reported previously (2). [8-'4C]ara-M (49
Ci/mol) was prepared by combining 26.6 mg of [8-14C]6-
methoxypurine (56 Ci/mol; Wizard Laboratories, Davis,
Calif.) in 1 ml of 95% ethanol with 0.15 g of uracil arabino-
side and 8 ml of 10 mM potassium phosphate (pH 7.4).
Escherichia coli uridine phosphorylase (153 U) and purine
nucleoside phosphorylase (PNP) (277 U) were added. The
reaction mixture was stirred overnight at room temperature.
The progress of the reaction was monitored by thin-layer
chromatography on a silica gel with chloroform-methanol
(9:1) as the mobile phase. Rf values for 6-methoxypurine and
ara-M were 0.64 and 0.39, respectively. [8-'4C]ara-M was
isolated by chromatography on Dowex-1 X2 (hydroxide
form) resin in a column (1.5 by 4 cm) with 90% methanol as
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the mobile phase. The fractions containing the product were
combined. The solvent was removed under vacuum, and the
residue was dissolved in 95% ethanol. The radiochemical
purity of [8-14C]ara-M, as determined by high-performance
liquid chromatography (HPLC), was greater than 99.5%.

1-Aminobenzotriazole (ABT) and erythro-9-(2-hydroxy-3-
nonyl)adenine hydrochloride (EHNA) were synthesized at
Wellcome Research Laboratories by published procedures
(6, 22). Deoxycoformycin (DCF) was purchased from Sigma
Chemical Co. (St. Louis, Mo.). Acepromazine maleate is a
product of Fermenta Animal Health Co. (Kansas City, Mo.).
Ketalar (ketamine HCl) is a product of Parke-Davis (Morris
Plains, N.J.). All other chemicals were reagent grade or
better. All solvents and buffers used were HPLC grade.
Rat study. Jugular cannulations were performed as de-

scribed by Upton (27), with some modifications. Prior to
surgery, rats were anesthetized by intraperitoneal injection
of ketamine HCl (42 mg/kg) in combination with acepro-
mazine maleate (1.7 mg/kg). The cannula was a 200-mm
length of Dow Corning Silastic medical-grade tubing
(0.64-mm inner diameter; 1.2-mm outer diameter). A 1-ml
syringe charged with heparinized saline (0.9% sodium chlo-
ride containing 20 U of heparin per ml) and attached to the
end of the cannula with a blunt 22-gauge dispensing needle
(Tridak Division, Indicon, Inc., Brookfield, Conn.) was used
to monitor the condition of the cannula throughout the
procedure. After surgery, the rats were housed individually,
with access to both food and water ad libitum, and were
allowed to recover overnight.
Dose solutions were prepared on the day of the experi-

ment. ara-M was mixed with [8-14C]ara-M to a final concen-
tration of 5 mg/ml (50 ,uCi/ml) in normal saline. Analyzed by
HPLC after dosing, the radiochemical purity of the unused
ara-M dose solution was 99.2%. Aqueous solutions of ABT
(25 mg/ml), ECF (5 and 0.5 mg/ml), and EHNA (50 mg/ml)
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were prepared in deionized water. The dosage schemes for
ABT, DCF, and EHNA were based on the results of
previous in vivo studies with these inhibitors (10, 16, 20).

Fifteen male Long Evans rats (Charles River Breeding
Laboratories, Wilmington, Mass.) each weighing 268 ± 20 g
were used in this crossover study. On day 1, the rats were
given a single dose of [8-14C]ara-M (10 mg/kg; 100 ,uCi/kg)
either orally by gavage (12 rats) or intravenously (3 rats).
Intravenous doses were administered via the jugular cannula
over 30 to 45 s, and the cannula was then flushed slowly with
0.5 ml of heparinized saline. The orally dosed rats were split
into four groups (three rats per group). The first group was
pretreated with ABT (50 mg/kg; intraperitoneally) at 19 and
2 h predose. The second group was pretreated with DCF (3.5
mg/kg; intraperitoneally) at 19 h predose and given booster
doses (0.35 mg/kg; intraperitoneally) at 2 h predose and at 2
and 5 h postdose. The third group was treated with EHNA
(50 mg/kg; intraperitoneally) at 2 h predose and at 2 and 5 h
postdose. The fourth group of orally dosed rats received no
pretreatment. The rats were housed in individual Nalgene
metabolism cages (Nalge Co., Rochester, N.Y.) for the
separate collection of urine and feces over a 5-day period.
The level of radioactivity in the urine from each rat was
monitored for an additional 2 days to ensure complete
elimination of the radiolabeled dose.
On day 8 of the study, nine rats were dosed with

[8-14C]ara-M (10 mg/kg; 100 p.Ci/kg) either orally by gavage
(six rats) or intravenously via the jugular cannula (three
rats). The orally dosed rats were split into two groups (three
rats per group). One group of orally dosed rats was treated
with EHNA (50 mg/kg; intraperitoneally) at 1 h predose and
at 3 and 6 h postdose, and the other group was not pre-
treated. Blood samples were obtained from each animal at 2,
5, 10, 20, 40, and 60 min and 1.5, 2.0, 2.5, 3.0, 4.0, 5.0, and
6.0 h postdose. Blood samples (0.4 to 0.5 ml) were with-
drawn through the cannula into syringes containing EDTA.
The cannula was then flushed with a volume of heparinized
saline sufficient to clear the cannula and replace the volume
of blood withdrawn. Each blood sample was centrifuged in
the sampling syringe, and the plasma was withdrawn directly
from the syringe. Immediately after collection, the plasma
samples were extracted with acetonitrile at an acetonitrile/
plasma ratio of 5:1. The extracts were dried, reconstituted
with deionized water, and analyzed by HPLC.
Monkey study. A dose solution (5 mg/ml; 200 puCi/ml) of

[8-14C]ara-M in normal saline was prepared, frozen, and
shipped to Hazleton Laboratories America, Inc. (Vienna,
Va.), where dosing and sampling procedures were carried
out under the direction of Dan W. Dalgard. Three cynomol-
gus monkeys (Macaca fascicularis) were given a single oral
dose of f8-'4C]ara-M (10 mg/kg; 400 ,uCi/kg). The monkeys
were placed in individual cages with urine collection pans
attached. Blood samples (2 ml) were withdrawn from the
femoral vein predose and at 5, 15, 30, 45, and 60 min and 1.5,
2.0, 3.0, 4.0, 5.0, 6.0, and 8.0 h postdose. The samples were
collected in tubes containing EDTA for anticoagulation and
DCF (50 ,ul of a 100 puM solution) for stabilization of ara-M
during storage and shipment of samples (based on rat study
data; see Results). Plasma was obtained from each blood
sample after separation by centrifugation. Urine was col-
lected during the first 8-h period after dosing, and DCF (100
p.l of a 100 p.M solution) was added to a 10-ml aliquot saved
for analysis. After a 2-week interval, the same monkeys
were given a single intravenous bolus injection of [8-14C]ara-
M (10 mg/kg; 400 p.Ci/kg). Blood and urine collection follow-
ing the intravenous [8-14C]ara-M dose was identical to that

following the oral dose, except for the blood sampling times
(i.e., predose and at 5, 10, 20, 30, and 60 min and 1.5, 2.0,
3.0, 4.0, 5.0, 6.0, and 8.0 h postdose). The unused ara-M
dose solution and all samples were stored frozen until the
study was completed and were then shipped on dry ice to
Burroughs Wellcome Co. The radiochemical purity of the
unused ara-M dose solution was 99.4% by HPLC.
Rat liver microsome experiment. Rat liver microsomes in

0.1 mM potassium phosphate buffer (pH 7.4), were prepared
by R. L. Hawke at Wellcome Research Laboratories by a
published procedure (7). The protein concentration (2.1
mg/ml) was determined by the procedure of Lowry et al.
(18). The cytochrome P-450 content (0.98 nmol/mg of pro-
tein) was measured by difference spectroscopy (19).
[8-14C]ara-M (0.95 mM; 2.4 ,uCi/ml) was incubated in the
absence or presence of DCF (70 ,uM) or ABT (10.7 mM) in
the microsome preparation with 1.8 p.M NADPH, 10 mM
glucose 6-phosphate, 1 U of glucose-6-phosphate dehydro-
genase (EC 1.1.1.49) per ml, and 5 mM magnesium chloride.
The reaction mixtures, containing all reagents except
[8-14C]ara-M, were preincubated for 30 min at 37°C. The
reaction was initiated by the addition of the radiolabeled
drug and was conducted at 37°C for 2 h. Sample aliquots (0.5
ml) were withdrawn immediately after the addition of
[8-'4C]ara-M and at 15, 30, 60, and 120 min and were
extracted with 5 ml of 60% cold methanol. The methanolic
extracts were evaporated to dryness. The dried residues
were reconstituted with 1 ml of water and analyzed by
HPLC.

Protein binding determinations. Pooled plasma obtained
from untreated animals was spiked with ara-M by serial
dilution of an aqueous stock solution (.10 mM). Rat plasma
was spiked with radiolabeled drug at concentrations of 3.5,
35, and 350 pM (one sample per concentration). Monkey
plasma was spiked with unlabeled drug at concentrations of
1, 10, and 100 p.M (one sample per concentration). Aqueous
solutions at identical concentrations were prepared for use
as external standards. The spiked plasma samples and stan-
dards were incubated at 37°C for 30 min in a shaking water
bath. The separation of free from protein-bound drug was
achieved by ultrafiltration (24, 29). Aliquots (0.5 ml) of each
sample were filtered through Centrifree micropartition units
(Amicon Corp., Danvers, Mass.) by centrifugation at 2,000
x g for 45 min, and the ultrafiltrates (approximately 200 pL.
per sample), were collected and analyzed by HPLC.

Radioactivity level determinations. The radioactivity levels
in plasma, urine, and feces were determined by liquid
scintillation counting. The radioactivity in feces was deter-
mined with aqueous fecal extracts prepared by homogeniza-
tion of feces with deionized water (4 ml/g of feces) and
centrifugation at 8,000 x g for 60 min. Aliquots (50 to 200 Pdl)
of the plasma samples, plasma ultrafiltrates or extracts, urine
samples, and fecal homogenate supernatants were mixed
with 5 to 6 ml of ScintiVerse II scintillation cocktail (Fisher
Scientific, Pittsburgh,. Pa.) and counted with a 1900CA
Tri-Carb liquid scintillation analyzer (Packard Instrument
Co., Sterling, Va.) for 10 or 20 min per sample.
HPLC analysis. Reversed-phase HPLC was used to ana-

lyze the samples for ara-M and its metabolites. Prior to
analysis, all biological fluids, fecal extracts, and in vitro
samples were clarified and/or deproteinated by ultrafiltra-
tion, except for rat plasma samples, which were deprotein-
ated by acetonitrile precipitation (5).
The HPLC system used for these analyses consisted of a

reversed-phase analytical column (Adsorbosphere C18; 5
p.m; 4.6 mm [inner diameter] by 25 cm; Alltech Associates/
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Applied Science, Avondale, Pa.) equipped with a compatible
guard column, a 0.5-,um in-line filter, an automatic injector
(WISP 712; Waters Associates/Millipore Corp., Milford,
Mass.), a 254-nm fixed-wavelength detector (uvMonitor D;
LDC/Milton Roy, Riviera, Fla.), and a variable-wavelength
detector (spectroMonitor 3000; LDC/Milton Roy). Micro-
computer-controlled pumps (constaMetric IIG and III; LDC/
Milton Roy) were used for the delivery of the mobile phases:
25 mM ammonium formate buffer, pH 3.5 (buffer A), and
50% acetonitrile in 50 mM ammonium acetate buffer, pH 5.5
(buffer B). After the injection of a sample (100 to 200 j,l), the
column was eluted at a flow rate of 1 ml/min with a 20-min
linear gradient from 100% buffer A to a final mobile phase of
80% buffer A-20% buffer B followed by a 15-min linear
gradient from 20 to 100% buffer B with a corresponding
decrease in buffer A from 80 to 0%. Between samples, the
column was purged with buffer B for 2 min and equilibrated
with buffer A for 10 min. For enhanced resolution of ara-M
and its metabolites in urine samples, the following three-step
gradient modification was used: step 1, 25-min isocratic
elution with 95% buffer A-5% buffer B; step 2, 15-min linear
gradient from 5 to 30% buffer B with a corresponding
decrease in buffer A from 95 to 70%; and step 3, 10-min
isocratic elution with 70% buffer A-30% buffer B.
The UV absorbance of the column effluent was monitored

at 254 and 267 nm. Radioactivity was monitored with a

Flo-One/peta radioactive flow detector (model IC; Radio-
matic Instrument and Chemical Co., Inc., Tampa, Fla.)
incorporated into the HPLC system as the third postcolumn
detector. The Flo-One/eta monitored the column effluent in
a continuous flow, mixing the effluent at a flow rate of 1
ml/min with Flo-Scint III scintillator (Radiomatic Instrument
and Chemical Co.) at a flow rate of 3 ml/min. All results,
except for protein binding in monkey plasma, were based on

radioactivity measured either by liquid scintillation counting
or by HPLC analysis. The equivalent micromolar concen-

trations were calculated by using the specific activity of the
radiolabel. Calculation of protein binding of ara-M in mon-

key plasma was based on the drug peak area at 254 nm.

Metabolite identification. Initial identification of all radio-
labeled metabolites was based on comparison of their reten-
tion times with those of authentic standards. Subsequently,
selected metabolites were isolated from rat or monkey urine
by HPLC and then characterized enzymatically.

(i) ADA. A rat metabolite with a retention time corre-

sponding to that of ara-A was treated with 80 U of adenosine
deaminase (ADA) from calf intestine (EC 3.5.4.4; adenosine
aminohydrolase; Boehringer Mannheim Biochemicals, Indi-
anapolis, Ind.) per ml in the presence of authentic ara-A and
hypoxanthine arabinoside (ara-H). The mixture was incu-
bated at room temperature for 4 h, and the ultrafiltrate was

analyzed by HPLC.
(ii) PNP. Monkey metabolites corresponding to ara-H and

ara-M were incubated with 120 U of E. coli PNP (EC 2.4.2.1)
(13) per ml in 75 mM potassium phosphate buffer (pH 6.8) at
room temperature for 1 h. The ultrafiltrates were analyzed
by HPLC.

(iii) ,-Glucuronidase. An aliquot of a monkey urine sample
was incubated with 86 U of ,-glucuronidase from E. coli (EC
3.2.1.31; ,-D-glucuronide glucuronosohydrolase; Sigma) per

,ul at 37°C for 30 min. An ultrafiltrate of the mixture was

analyzed by HPLC. The radiolabeled metabolites which had
diminished or disappeared were then isolated from untreated
urine and tested separately. Each metabolite was incubated
at 37°C with 1 U of enzyme per ,ul in 75 mM potassium
phosphate buffer (pH 6.8) in the absence and presence of 9

TABLE 1. Recovery of [8-14C]ara-M in Long Evans rats

Route of Concurrent Dose recovery (%)b
administrationa treatment Uri Feces Total

Intravenous None 99.1 ± 0.1 0.5 ± 0.1 99.6 ± 0.1
Oral None 87.7 ± 9.0 2.1 ± 1.7 89.8 ± 7.3
Oral ABTc 87.0 ± 9.7 5.3 ± 3.3 92.3 ± 6.4
Oral DCFd 86.6 ± 2.2 2.9 ± 0.8 89.5 ± 2.0
Oral EHNAe 61.2 ± 12.8 9.3 ± 1.4 70.5 ± 13.0

a A 10-mg/kg (100-ijCi/kg) dose of [8-14C]ara-M was administered by the
indicated route.

b Percentage of radiolabeled dose excreted in the urine during the 0- to
120-h postdose period and in the feces during the 0- to 48-h postdose period.
Values are means ± standard deviations (n = 3).

' A 50-mg/kg dose of ABT was administered intraperitoneally 19 and 2 h
prior to ara-M.

d A 3.5-mg/kg dose of DCF was administered intraperitoneally 19 h prior to
ara-M, and booster doses (0.35 mg/kg) were administered at 2 h predose and
at 2 and 5 h postdose.

e A 50-mg/kg dose of EHNA was administered intraperitoneally 2 h prior to
ara-M and at 2 and 5 h postodose.

mM D-sacchafic acid 1,4-lactone (Sigma). Ultrafiltrates were
analyzed by HPLC after 1-h and overnight incubations.
Pharmacokinetic analysis. The ara-M and ara-H plasma

concentration-time data were analyzed by noncompartmen-
tal methods (11, 21). The peak concentration (Cmax) and the
time to Cmax were observed values. The elimination rate
constant (k) was obtained by log-linear regression analysis of
the plasma concentration-time data. The half-life (t1/2) was
calculated by using the relationship tl/2 = 0.693/k. The area
under the plasma concentration-time curve (AUC) was cal-
culated by the trapezoidal rule by extrapolation to infinity by
using k. Total body clearance (CL) of an intravenous dose
was calculated by dividing dose by AUC and was expressed
as total clearance per kilogram. Bioavailability was calcu-
lated as the ratio of the oral and intravenous AUCs ex-
pressed as a percentage, under the assumption that CL was
constant from animal to animal and from day to day. The
steady-state volume of distribution (Vss) of an intravenous
dose was calculated by the following equation: Vs, = CL x
(AUMC/AUC), where AUMC is the area under the first
moment of the concentration-time curve.

RESULTS

Absorption and metabolism in rats. Urinary excretion and
fecal excretion of radioactivity during a 120-h period follow-
ing oral or intravenous dosing of rats with [8-14C]ara-M are
shown in Table 1. The mean urinary excretion of an intra-
venous dose was 99.1%, and that of an oral dose was 87.7%;
the mean fecal excretions of the doses were 0.5 and 2.1%,
respectively. Therefore, the mean total recovery of radioac-
tivity derived from [8-14C]ara-M in rats was nearly complete,
with 99.6% of an intravenous dose and 89.8% of an oral dose
being recovered. Pretreatment and/or concurrent treatment
of orally dosed rats with the cytochrome P-450 inhibitor
ABT or the ADA inhibitor DCF did not affect the absorption
of the radiolabeled drug (based on urinary dose excretion),
while concurrent treatment with the ADA inhibitor EHNA
appeared to have decreased its absorption (Table 1). This
effect with EHNA was confirmed in a second experiment
(data not shown) but was not investigated further. The total
dose recovered from the EHNA-treated rats (approximately
70%) was lower than that recovered from the other groups
(approximately 90 to 100%). This result may, in part, reflect
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FIG. 1. HPLC radioactivity profiles of 24-h urine samples from
Long Evans rats given [8-14C]ara-M (10 mg/kg; 100 ,iCi/kg) intrave-
nously via a jugular cannula (A), orally (B), or orally with concur-
rent DCF (C). The radioactivity peaks correspond to allantoin, uric
acid, xanthine, and hypoxanthine (breakthrough radioactivity) (1);
ara-H (2); 6-methoxypurine (3); ara-M (4); and ara-A (5). The minor
metabolites (Met-A and Met-B) described in Results are not shown.
Note that the y axes (cpm) are scaled differently.

the incomplete extraction of radioactivity from the feces,
since the extraction efficiency was not determined.

In all dose groups, the majority of the urinary radioactivity
(90 to 95%) was recovered in the first 24-h period after
dosing, followed by a gradual washout of radioactivity
thereafter. In HPLC radioactivity profiles of the 24-h urine
samples (Fig. 1), the amount of intact ara-M recovered after
an intravenous dose (43% of the radioactivity; Fig. 1A) was
approximately 10-fold greater than that recovered after an
oral dose (4.6%; Fig. 1B). The amount of unchanged drug
present in the 24-h urine samples following oral administra-
tion was dramatically increased by concurrent treatment
with DCF (37%; Fig. 1C) or EHNA (69%; profile not
shown). Pretreatment with ABT had little effect on the
metabolism of orally administered drug, with ara-M account-
ing for only 7% of the 24-h urinary radioactivity (profile not
shown). The overall recoveries of intact ara-M on a percent-
age-of-dose basis are given in Table 2.
The most significant urinary metabolites of [8-14C]ara-M

were ara-H and those eluting as breakthrough radioactivity
(hypoxanthine, xanthine, uric acid, and allantoin; not re-
solved by the HPLC gradient) (Fig. 1 and Table 2). In four of
the five dose groups, breakthrough radioactivity accounted
for 50% or more of the radiolabeled dose excreted in the
urine. ara-H accounted for less than 5% of the dose in all
dose groups. The remaining urinary radioactivity was dis-
tributed among three minor metabolites: 6-methoxypurine
and two unknowns (designated Met-A and Met-B) (Table 2).
The metabolite with a retention time corresponding to that of
6-methoxypurine was detected in all dose groups except for
the ABT-treated orally dosed rats. The unidentified metab-
olites, Met-A and Met-B, eluted just prior to 6-methoxypu-
rine with retention times of 36.5 and 37.5 min, respectively.
Another minor metabolite, with a retention time similar to
that of ara-A, was observed only in the 24-h urine samples
from the DCF-treated rats and accounted for approximately
0.3% of the radiolabeled dose (Fig. 1C). This metabolite was
a substrate for ADA and was converted to ara-H, as was
authentic ara-A.
The HPLC radioactivity profiles of homogenates of feces

collected from the rats 0 to 48 h postdose resembled those of
the respective urine samples. Breakthrough radioactivity
and ara-H accounted for the majority of the dose recovered
in the feces. Unchanged ara-M was detected in the feces
from animals that had received concurrent treatment with
DCF or EHNA. However, peaks of radioactivity corre-

TABLE 2. Urinary metabolites of [8-'4C]ara-M in Long Evans rats

% of the dose excreted in the urine ash:
Route of Concurrent

administrationa treatment Breakthrough Metabolite Metabolite
radioactivityc ara-H Met-Ad Met-Bd 6-Methoxypurine ara-M

Intravenous None 54.2 ± 1.9 3.6 ± 0.3 0.4 ± 0.1 NDe 0.6 ± 0.2 39.7 ± 2.1
Oral None 78.8 ± 7.2 4.8 ± 2.4 ND ND 0.1 ± 0.1 3.8 ± 0.2
Oral ABTf 76.2 ± 8.5 4.4 ± 1.5 ND ND ND 6.0 ± 0.9
Oral DCF9 50.0 ± 7.5 2.8 ± 0.8 0.3 ± 0.1 1.1 ± 0.4 0.4 ± 0.2 31.3 ± 5.5
Oral EHNAh 18.0 ± 8.6 1.0 ± 0.3 0.3 ± 0.1 0.3 ± 0.2 0.4 ± 0.2 40.8 ± 9.0
a A 10-mg/kg (100-RCi/kg) [dose of [8-'4C]ara-M was administered by the indicated route.
b Expressed as a percentage of the radiolabeled dose excreted in the urine 0 to 120 h postdose. Values are means ± standard deviations (n = 3).
c Breakthrough radioactivity represents hypoxanthine, xanthine, uric acid, and allantoin (not resolved by the HPLC gradient).
d Unidentified metabolite.
e ND, not detected.
f A 50-mg/kg dose of ABT was administered intraperitoneally 19 and 2 h prior to ara-M.
8 A 3.5-mg/kg dose of DCF was administered intraperitoneally 19 h prior to ara-M, and booster doses (0.35 mg/kg) were administered at 2 h predose and at 2

and 5 h postdose.
h A 50-mg/kg dose of EHNA was administered intraperitoneally 2 h prior to ara-M and at 2 and 5 h postdose.
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FIG. 2. HPLC radioactivity profiles of representative urine sam-
ples collected from cynomolgus monkeys given [8-14C]ara-M (10
mg/kg; 400 ,uCi/kg) either intravenously (A) or orally (B). The
radioactivity peaks correspond to uric acid, xanthine, and hypo-
xanthine (breakthrough radioactivity) (1); ara-H (2); 6-methoxypu-
rine (3); and ara-M (4). The minor metabolites (Met-A, Met-C, and
Met-D) described in Results are not shown. Note that the y axes
(cpm) are scaled differently.

sponding to the minor urinary metabolites (6-methoxypu-
rine, Met-A, Met-B, or ara-A) were not detected in any of
the fecal samples.
Metabolism in monkeys. ara-H was the major metabolite of

[8-14C]ara-M in monkeys, accounting for 53% + 8% of the
radioactivity in the 0- to 8-h urine samples collected after
intravenous dosing (Fig. 2A) and 61% ± 4% in those
collected after oral dosing (Fig. 2B). The majority of the
remaining urinary radioactivity was accounted for by un-
changed ara-M (42% ± 9% and 33% ± 4%, respectively) and
breakthrough radioactivity (hypoxanthine, xanthine, and
uric acid; 3.2% ± 1.0% and 3.4% ± 0.3%, respectively) (Fig.
2). Identification of ara-H was confirmed by treatment with
E. coli PNP, which converted 93% of the isolated peak to
hypoxanthine. Tested simultaneously, ara-M isolated from
monkey urine was also a substrate for E. coli PNP, convert-
ing 90% to its base. 6-Methoxypurine accounted for 0.3% +

0.1% of the intravenous urinary radioactivity and 0.5% +

0.1% of the oral urinary radioactivity (Fig. 2).
Three minor metabolites were detected in monkey urine

samples. One, with a retention time identical to that of the
rat metabolite Met-A, accounted for 0.3% ± 0.1% and 0.9%
± 0.1% of the urinary radioactivity after intravenous and
oral doses of [8-14C]ara-M, respectively. The other minor
metabolites (designated Met-C and Met-D) were identified as
glucuronides of ara-M by treatment with ,-glucuronidase in
the absence and presence of a glucuronidase inhibitor.
Metabolite Met-C, with a HPLC retention time of 26 min,
accounted for approximately 0.3% of the urinary radioactiv-
ity after both intravenous and oral doses of [8-14C]ara-M;
similarly, metabolite Met-D, with a retention time of 33 min,

accounted for approximately 0.4% of the urinary radioactiv-
ity. Neither ara-A nor rat metabolite Met-B was detected in
these monkey urine samples.

In vitro metabolism in rat liver microsomes. In a single
experiment, [8-14C]ara-M was incubated with viable rat liver
microsomes and the formation of ara-H over a 2-h period
was monitored by HPLC. The levels of ara-H generated
were very low (0.2 to 0.4% of the total radioactivity). The
remainder of the radioactivity in the reaction mixtures was
accounted for by unchanged ara-M (99.2 to 99.6%) and
6-methoxypurine (0.2 to 0.4%). No significant differences
were observed between incubations with ara-M alone, ara-M
and DCF, or ara-M and ABT.

Protein binding. Protein binding of ara-M was determined
by comparison of the ara-M concentration in plasma ultrafil-
trates with that in aqueous standards. The percentage of
binding in rat plasma was 43.8% + 5.3% (ranging from 37.7
to 47.5%) and appeared to be concentration dependent, with
the highest percentage of binding occurring at the lowest
concentration (3.5 p.M). The percentage of binding in mon-

key plasma was 7.5% + 1.2% (ranging from 6.0 to 9.0%) and
was independent of concentration. HPLC radioactivity pro-
files of rat plasma ultrafiltrates and aqueous standards (data
not shown) confirmed that there had been no in vitro
metabolism or degradation of ara-M during incubation. In
addition, there was no indication of nonspecific binding to
the filter. Therefore, the observed decrease in drug concen-
tration in plasma after ultrafiltration was, in fact, due to
protein binding.

Pharmacokinetics in rats. The levels of ara-M and ara-H in
the plasma of rats were determined by HPLC analysis of the
supernatants obtained after precipitation of plasma proteins
with acetonitrile (Fig. 3). The reported ara-M concentrations
approximated the total plasma concentrations, since 95%
recovery of ara-M, an estimate based on spiked plasma
standards, was achieved by this method of deproteination.
The reported ara-H concentrations were not the total plasma
concentrations, since the estimated recovery of ara-H in
spiked plasma standards was approximately 80%. The lower
limit of detection for the analysis was 400 cpm/100 ,u of
plasma extract, or 0.6 ,uM.
The plasma concentration-time profile for intravenously

administered ara-M revealed a rapid disappearance of the
drug, with a t1/2 of 29 + 2 min (Fig. 3A). The mean CL and
Vrs of an intravenous dose were 39.0 + 0.4 ml/min/kg and 1.4
± 0.1 liter/kg, respectively. The metabolite ara-H reached an

observed mean Cmax of 2.1 + 0.1 ,uM at 40 min postdose and
had a t1/2 of 44 + 10 min (Fig. 3A). The levels of ara-M in
plasma resulting from an oral dose were only detectable from
20 min to 2 h postdose, with an average Cmax of 1.5 ± 0.1 ,uM
at 40 min postdose (Fig. 3B). The corresponding levels of
ara-H were similar, with a mean (n = 2) Cmax of 1.5 F.M at
1.5 h postdose (Fig. 3B). The limited number of data points
in the postabsorption phase for ara-M and ara-H precluded
further pharmacokinetic evaluation. Coadministration of
EHNA significantly reduced the metabolism of orally admin-
istered ara-M, thereby changing its pharmacokinetic profile
(Fig. 3C). The Cmax increased approximately twofold, and a

mean concentration of 2.6 + 0.6 ,uM (ranging from 1.0 to 3.5
,uM; n = 27) was maintained from 40 min to 6 h postdose. No
ara-H was detected in the plasma of rats that had received
ara-M and EHNA simultaneously.

Pharmacokinetics in monkeys. Because of the low binding
of ara-M to monkey plasma proteins, the levels of ara-M and
ara-H in the plasma of cynomolgus monkeys were deter-
mined by HPLC analysis of plasma ultrafiltrates (Fig. 4). On
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approximated the total plasma concentrations. The lower
limit of detection for the analysis was 400 cpm/100 ,ul of
plasma ultrafiltrate, or 0.2 ,uM.
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TABLE 3. Pharmacokinetic data for ara-M and ara-H in cynomolgus monkeys following an intravenous or oral dose of [8-l4C]ara-Ma

Compound administration Tama(h) (M) AUC t1/2 (h)

ara-M Intravenous 32.7 ± 2.9 0.75 ± 0.06
Oral 2.7 ± 1.0 2.5 ± 0.6 8.4 ± 1.3 1.3 ± 0.3

ara-H Intravenous 1.7 ± 0.3 11.9 ± 2.2 58.7 ± 12.3 2.3 ± 0.1
Oral 3.3 ± 0.6 4.2 ± 1.4 26.3 ± 9.9 2.8 ± 0.3

a [8-'4C]ara-M was administered at 10 mg/kg (400 p.Ci/kg). Values are means ± standard deviations (n = 3).
b Time to Cmax-

of 12 ± 2 pLM at 1.5 to 2 h postdose. It disappeared slowly,
with a t1/2 of 2.3 h. By 8 h postdose, the concentration of
ara-H (1.8 ± 0.4 p,M) was at least 10-fold higher than that of
ara-M (<0.2 ,uM). The AUC for ara-H was approximately
twice the AUC for ara-M. After an oral dose, the Cmax for
ara-M (ranging from 1.8 to 3.0 ,uM) was observed at 1.5 to 4
h postdose and the Cmax for ara-H (ranging from 2.8 to 5.6
,uM) was observed at 3 to 4 h postdose (Fig. 4B). The
apparent t1/2 values for ara-M and ara-H derived from orally
administered [8-14C]ara-M (1.3 and 2.8 h, respectively) were
similar to those seen when the drug was administered
intravenously. However, after oral administration, the AUC
for ara-H was approximately threefold higher than that for
ara-M. The mean oral bioavailability of ara-M in monkeys
was 26% ± 4%.

DISCUSSION

In both rats and monkeys, poor oral bioavailability of
ara-M resulted from extensive metabolism, although nearly

complete gastrointestinal absorption of the drug was ob-
served in rats. ara-M was initially metabolized to ara-H. In
rats, ara-H was further metabolized to the end products of
purine degradation: hypoxanthine, xanthine, uric acid, and
allantoin (Fig. 5). However, ara-H was the major metabolite
of ara-M in monkeys, with little further metabolism. This
difference in metabolism may reflect differences between the
specificity and/or level of PNP in rats and monkeys.
The biotransformation of ara-M to ara-H presumably

occurs in a single demethoxylation step mediated by ADA.
Pretreatment of rats with DCF or EHNA, potent inhibitors
of ADA (1, 9, 10, 22), resulted in a marked decrease in the
metabolism of orally administered ara-M. In addition, en-
zyme studies have shown that ara-M is a substrate for ADA,
yielding ara-H as its product (3). High levels of ADA in the
intestines of rats, as well as other animals (14), would expose
ara-M to this enzyme during absorption and, therefore,
could explain the marked difference in the extent of ara-M
metabolism after intravenous and oral dosing. The presys-
temic metabolism of ara-M most likely occurs predominantly
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in the small intestine, where ADA levels are six- to sevenfold
higher than in the liver (14). The prevalence of ADA in a
diversity of tissues (14) suggests that this enzyme may play
a major role in the systemic metabolism of ara-M as well. In
contrast, pretreatment of rats with ABT and SKF 525-A
(data not shown), potent inhibitors of cytochrome P-450 (20,
23), had no effect on the metabolism of orally administered
ara-M. The lack of ara-M metabolism in rat liver microsomes
confirmed that hepatic microsomal enzymes contribute little,
if any, to the in vivo metabolism of ara-M.
The metabolic disposition of ara-M in rats and monkeys is

similar to that of ara-A (12); however, there was no indica-
tion of ara-A formation as a result of ara-M metabolism,
except when rats were pretreated with the ADA inhibitor
DCF. On a percentage-of-dose basis, the amount of ara-A
excreted by rats following coadministration of ara-M and
DCF was similar to that previously demonstrated with
coadministration of ara-H and DCF but was dramatically
smaller than that demonstrated with coadministration of
ara-A and DCF (17). These results suggest that ara-M is not
a prodrug for ara-A and that ara-A is not a direct metabolite
of ara-M, yet it is a minor metabolite of ara-H. The reami-
nation of ara-H to form ara-A could occur via the nucleotide-
interconverting pathway, in which ara-H is initially phos-
phorylated to its monophosphate by deoxycytidine kinase
(15). ara-H monophosphate could then be converted to
ara-AMP by the adenylosuccinate synthetase and lyase
enzymes (25, 26). Dephosphorylation of ara-AMP would
result in the formation of ara-A.
The pharmacokinetic profiles in rats and monkeys further

demonstrated extensive metabolism of ara-M. Following
intravenous administration in rats and monkeys, ara-M was
rapidly eliminated. During the first hour after dosing, the
disappearance of ara-M from plasma occurred largely via its
biotransformation to ara-H. In monkeys, the drug was
essentially completely eliminated from plasma by 6 h after
dosing. In rats, concurrent administration of the ADA inhib-
itor EHNA significantly reduced ara-M metabolism, result-
ing in levels of ara-M in plasma within the 50% inhibitory
concentration range for VZV (0.5 to 3 ,uM) (2) for at least 6
h postdose, with no detectable levels of ara-H.

In summary, these disposition studies with Long Evans
rats and cynomolgus monkeys have shown that ara-M is a
nucleoside analog demonstrating good oral absorption but
undergoing extensive metabolism primarily because of a
significant first-pass effect. The potent and selective in vitro
anti-VZV activity of ara-M (2) points to the potential of
ara-M as a treatment for herpes zoster in humans, but the
metabolic disposition of ara-M in rats and especially mon-
keys indicates the need for the development of analogs or
prodrugs that reduce or circumvent the extensive presys-
temic metabolism.
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