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ABSTRACT:

Famciclovir, a 9-substituted guanine derivative, is a new antiviral
agent which undergoes rapid hydrolysis and oxidation in man to
yield the active antiherpes agent, penciclovir. Studies with human
liver cytosol have indicated that the oxidation of the penultimate
metabolite, 6-deoxypenciclovir, to penciclovir is catalyzed by the
molybdenum hydroxylase, aldehyde oxidase. In the present study
the oxidation of famciclovir and 6-deoxypenciclovir with partially
purified molybdenum hydroxylases from human, guinea pig, rabbit,
and rat livers and bovine milk xanthine oxidase has been investi-
gated. Famciclovir and 6-deoxypenciclovir were oxidized predom-
inantly to 6-oxo-famciclovir and penciclovir, respectively, by hu-
man, guinea pig, and rat liver aldehyde oxidase. Small amounts of
8-oxo and 6,8-dioxo-metabolites were also formed from each sub-
strate. Famciclovir and 6-deoxypenciclovir were good substrates
for rabbit liver aldehyde oxidase but, in each case, two major

penciclovir and 8-oxo-6-deoxypenciclovir in approximately equal
quantities; famciclovir was oxidized to 6-oxo-famciclovir and a
second metabolite which, on the basis of chromatographic and UV
spectral data, was thought to be 8-oxo-famciclovir. Two groups of
Sprague Dawley rats were identified; those containing hepatic
aldehyde oxidase and xanthine oxidase and those with only xan-
thine oxidase. These have been designated AO-active and AO-
inactive rats, respectively. Famciclovir was not oxidized by enzyme
from AO-inactive rats or bovine milk xanthine oxidase although
6-deoxypenciclovir was slowly converted to penciclovir by rat liver
or milk xanthine oxidase. Inhibitor studies showed in human,
guinea pig, and rabbit liver that xanthine oxidase did not contribute
to the oxidation of famciclovir and 6-deoxypenciclovir; thus it is
proposed that drug activation in vivo would be catalyzed solely by
aldehyde oxidase.

metabolites were formed. 6-Deoxypenciclovir was converted to

Famciclovir 2-[2-(2-Amino-9H-purin-9-yl) ethyl]-1,3-propanedioloxidase (xanthine: Qoxidoreductase EC 1.2.3.2), on the basis of
diacetate (ester), a recently introduced drug, is a synthetic guangtiedies performed with 6-deoxyaciclovir and a structural similarity =
derivative which is metabolized to the potent antiviral compounigetween 6-deoxypenciclovir and guanine which is a substrate ofg
penciclovir. Penciclovir is active against herpes simplex virus types<@nthine oxidase (6—8). It was later shown that in human liver cytosol >
and 2, varicella zoster virus, Epstein-Barr virus, and hepatitis B (Zfie conversion of 6-deoxypenciclovir to penciclovir was catalyzed by
Like aciclovir, another 9-substituted guanine derivative, penciclovir &hother molybdenum hydroxylase, aldehyde oxidase (aldehyge: O
selectively phosphorylated in virus-infected cells to a monophosph&édoreductase EC 1.2.3.1) (9). However, it is not known whether €
ester by thymidine kinase, followed by further phosphorylation to fameciclovir is a substrate for aldehyde oxidase or whether famciclovir S
triphosphate ester which inhibits virus DNA polymerases (2). Corf 6-deoxypenciclovir reacts with xanthine oxidase. Indeed, in the 8
pared with aciclovir, penciclovir administration leads to higheftudy of Clarkeet al. (9) the xanthine oxidase activity of human liver ©
triphosphate ester concentrations in virus-infected cells and its af@loSol was not monitored, whereas human liver xanthine oxidase
viral activity persists for a longer time after removal of the compoun'a]ay be labile in the enzyme preparation (10). Furthermore, the

(2, 3). Famciclovir is absorbed rapidly and extensively after Orgpzyrpol(:g(}j/ ?I .pencmlow:l foring?og 'g t(;]thte:hspec:g St ha? r}gt :]) eoelzn
administration, and total systemic availability of penciclovir is 77opvestigated. 1t 1s now well established that the activity ot aloehyde

(4), which is about four times higher than that of aciclovir (5). oxidase towards different substrates may be species dependent (11—

Metabolism of famciclovir involves sequential hydrolysis of bott%s)' Significant species differences have been demonstrated in the

- ) : S iotransformation of other guanine-based antiviral agents, such as
acetyl groups to give 6-deoxypenciclovir which is subsequently O)%'-deoxyaciclovir (7, 16), 6-deoxycarbovir (17), and BRL 55792 (18).

dizz_ad to penciclovir.(ﬁg. 1) (6). The oxidative step was initiall_yTherefore, the present study investigates the role of aldehyde oxidase
attributed to the action of the molybdenum hydroxylase, xanthing, yanthine oxidase in the metabolism of famciclovir and 6-de-
oxypenciclovir in partially purified human, guinea pig, rat, and rabbit
liver fractions.
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These results were presented in part at a meeting of the British Pharmacolog-
ical Society, Manchester, UK (1994) and appeared in abstract form in Br. J. Clin
Pharmacol. 38, 16P (1994).
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Materials and Methods

Chemicals. Phthalazine and phenanthridine were purchased from Aldrich
Chemical Company (Gillingham, Dorset, UK). Leupeptin, dithioerythritol,
phenylmethylsulfonylfluoride, menadione, isovanillin, xanthine, and bovine
milk xanthine oxidase (Grade |) were obtained from Sigma Chemical Com-
pany (Poole, Dorset, UK). Famciclovir and its analogues were supplied by
SmithKline Beecham Pharmaceuticals (Great Burgh, Surrey, UK).

Preparation of Molybdenum Hydroxylase Fractions. Mature male or

Send reprint requests to: Dr. C. Beedham, Pharmaceutical Chemistry, School
of Pharmacy, University of Bradford, Bradford, BD7 1 DP, UK.
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N7 N Hydrolysis
Hy N \N N

N ) Z N with 0.1 ml partially purified human, guinea pig, rabbit, and rat liver fractions
N7 Hydrolysis N A X R R . R
/L | > —_—— J\ | > or bovine milk xanthine oxidase at 37°C in a total volume of 3 ml 67 mM
H N Xy N HN™ Sy N Sorenson’s phosphate buffer pH 7.0 containing 0.1 mM EDTA. Incubations
/\4 HO/\QJ

were performed in 10-ml closed vials which were placed in a shaking water

H3c§° 0GCH, H,cgo OH OH bath and pre-warmed to 37°C. Aliquots (2@l were removed at 1, 5, 10, 15,
Fameiclovie Desacetylfamciclovir 6-Deoxypenciclovir 30, 45, 69, and 90 min and_ added to githe‘r ZQOnethanoI (in the case of‘
famciclovir) or 100ul 20% trichloroacetic acid (in the case of 6-deoxypenci-
1 Oxidation clovir) to terminate the reaction. Samples were centrifuged in a Beckman
(High Wycombe, Bucks, UK) bench-top microcentrifuge for 3-5 min and the
° supernatants were subsequently analyzed by HPLC.
N Incubations were also carried out in the presence of 1+4llOof mena-
Excretion *j"\ \ > dione, isovanillin, and allopurinol.
TRV N HPLC Analysis of Famciclovir and 6-Deoxypenciclovir Oxidation.
HPLC analysis was carried out using a system supplied by Waters Associates
Ho OH (Northwich, Cheshire, UK) which consisted of a 510 pump, 710 B WISP
Penciclovir automatic injector, Lambda-Max LC Spectrophotometer, and 740 data module.
Fic. 1. The major metabolic pathway of famiciclovir in man (6). Chromatographic separation was achieved using a Spherisorb QD225

cm X 4.6 mm i.d.) column with auBondapak C18 Guard-Pak insert and 0.5
female Dunkin-Hartley guinea pigs (400—600 g, University of BradfordnM ammonium acetate, pH 4.65/acetonitrile as the mobile phase at a flow rate
Bradford, UK) and Sprague-Dawley rats (200—-300 g, Bantin and Kingmaof, 1.5 mil/min. The percentage of the organic modifier was as follows: 5% for
Hull, UK), previously maintained on a standard laboratory diet, were killethe separation of 6-deoxypenciclovir and its oxidation metabolites, 9% for the
between 9 and 10 a.m. by cervical dislocation. Livers were immediatefynalyses of famciclovir and all its metabolites, 15% for the metabolism of
excised, placed in ice-cold isotonic potassium chloride solution (1.15% K& mciclovir and its oxidation metabolites. UV detection was at 280 nm.
w/v) containing 0.1 mM EDTA, and the gall bladder and excess fat remove@Oxidized metabolites were identified by comparison of their HPLC retention
Partially purified molybdenum hydroxylase fractions were prepared from livéimes and UV spectra with those of authentic standards. Calibration lines for
homogenates by heat treatment and ammonium sulfate precipitation accordih@ompounds were linear in the range of 0.5—0@ with exception being
to the method of Beedhaset al. (15). that the calibration line obtained for famciclovir quantitation with 9% aceto-

Enzyme fractions were also prepared from the livers of male New Zealanirile was linear between 10—6QoM.
white rabbits (800-1000 g, obtained from Stocks House Farm, Bradford,Determination of Kinetic Constants for the Oxidation of Phenanthri-
England) using a similar method to that described for guinea pig and rat livedine, Famciclovir and 6-Deoxypenciclovir by Molybdenum Hydroxylases.
Human liver fractions were prepared from livers which had been flash froz&/ Determination: K, (Michaelis-Menten constant) and,,,, (maximum
(—80°C) on collection samples coded H30, H32, H28, H33, and H1O0Ritial velocity) values for the oxidation of phenanthridine with human, guinea
obtained from International Institute for the Advancement of Medicine, Extopig, and AO-active rat liver fractions, and the oxidation of 6-deoxypenciclovir
PA), using the following modification to the above method: with guinea pig liver fractions and bovine milk xanthine oxidase were deter-
Each liver sample was weighed, defrosted, and placed in 3- 4 volumes ofihed spectrophotometrically using a method similar to that described by &
mM Tris buffer pH 7.4 containing 1 mM EDTA, 1 mM dithioerythritol, M  Beedhanet al. (20). Kinetic constants were determined using ferricyanide or S
p-methylsulphonyl fluoride, and 1@M leupeptin at 4°C and homogenized atmolecular oxygen as electron acceptor.
12,000 rpm for 1-2 min, using a Ystral X10/25 homogenizer at 4°C. The HPLC Determination: K, andV,,., values for the oxidation of 6-deoxypen-
resulting homogenate was then heated at 55-57°C for 10 min on a steam le#tlovir with human, AO-active rat, AO-deficient rat liver fractions, and
and treated as for guinea pig fractions. The final EDTA suspension was stobevine milk xanthine oxidase (very low oxidation rates), and metabolite
in liquid nitrogen until required. formation from the oxidation of famciclovir or 6-deoxypenciclovir catalyzed
Spectrophotometric measurement of enzyme activityAll spectrophoto- by rabbit enzyme fractions were determined using HPLC. At least eight
metric determinations were carried out at 37°C using a Pye-Unicam SP8—2fiflerent substrate concentrations were used in the range ¢fp1b 4-5K,,
UV/VIS spectrophotometer fitted with a Pye-Unicam cell temperature contrisl 67 mM phosphate buffer pH 7.0 containing 0.1 mM EDTA at 37°C in a
unit. Enzyme activity of partially purified fractions was monitored usinghaking water bath. The reactions were initiated by the addition of 0.1-ml
phenanthridine, phthalazine, and xanthine (19, 20). Oxidation of 1 mbhzyme fraction, aliquots (20@l) removed, and protein precipitated at 1 min
phthalazine was followed at 420 nm using 1 mM potassium ferricyanide adervals to determine the linear range of substrate oxidation. The samples were
electron acceptore(= 2080 M *cm™%), whereas oxidation of 0.05 mM centrifuged for 3-5 min and analyzed by HPLC. To compare the results
phenanthridine and 0.05 mM xanthine was monitored at 322 e Q000 obtained from HPLC with those determined spectrophotometrically, kinetic
M~*cm™1) and 295 nm ¢ = 11000 M~ *cm™%) using molecular oxygen as the constants were also calculated for the oxidation of 6-deoxypenciclovir with
electron acceptor, respectively. All reactions were carried out in 67 miyuinea pig liver fractions and bovine milk xanthine oxidase using the spectro-
Sorenson’s phosphate buffer pH 7.0 containing 0.1 mM EDTA at 37°C. photometric method as described above. In both spectrophotometric and HPLC
The reaction of famciclovir and 6-deoxypenciclovir with guinea pig, ratnethods,K,, and V,,., values were determined from a Lineweaver-Burke
rabbit, and human liver fractions or bovine milk xanthine oxidase was alsilmuble reciprocal plot of 1/V against 1/[S]. The line of the best fit through the
determined in Sorenson’s phosphate buffer pH 7.0 containing 0.1 mM EDTphints on the plot was calculated using linear regression by the least squares
at 37°C either by repeated scanning of the UV spectra between 200—-350 method.
up to 30—60 min or by measurement of the initial oxidation rates at 420 nm
using potassium ferricyanide as electron acceptor as described for phthalazine. Results
Substrates were tested for non-enzymatic interaction with potassium ferricyaQxidative Activity of Partially Purified Liver Fractions. Activ-
nide prior to the addition of enzyme to cuvettes. _ities of the molybdenum hydroxylase fractions from each species were
aldehyce oxigase (menadione and isovaniln and saniine oxidase (alop(c2Sured spectrophotometrically using A phenanthridine and
nol) inhibitors (10, 13, 21, 22). anthine, specific substrates of aldehyde oxidase (24) and xanthine

Protein Determination. Protein concentrations of partially purified enzymeoxIdase (25, 26), respectively, and 1 mM phthalazine which is pre-

fractions were determined spectrophotometrically using a Pierce BCA Protéiiminantly oxidized by aldehyde oxidase (19). The ratio of the
assay kit with bovine serum albumin as a protein standard (23). oxidation rates of phthalazine/phenanthridine/xanthine was calculated

Incubations with Partially Purified Molybdenum Hydroxylase Frac-  to reflect the relative molybdenum hydroxylase activities in the spe-
tions. Famciclovir and 6-deoxypenciclovir (56M or 500uM) were incubated cies investigated (table 1K,, values were calculated for the oxida-
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6-OXIDATION OF FAMICLOVIR AND 6-DEOXYPENCICLOVIR

TABLE 1

Hepatic xanthine oxidase and aldehyde oxidase activity in different species

807

Enzyme Activity Toward& (nmol/mg protein/min)

Phthalazine
/

Species . L . . i X . Phenanthridine
Xanthine Phenanthridine Phthalazine Famciclovir 6-Deoxypenciclovir /
(50 uM) (50 uM) (1 mM) (1 mM) (1 mM) Xanthine
Human (N = 5)° 05*0.2 9.9+ 28 28.2+ 8.3 14.2+ 3.8 NDF 56:20:1
Guinea pig N = 3-6) 10.3£ 1.6 49.0+ 54 240.1+ 70.5 268.2t 52.8 156.4+ 38.2 23:5:1
AO-active rat N = 2-10) 28.5+ 1.8 28.0+ 1.7 113.7= 14.4 32 13 4:1:1
AO-deficient rat N = 2—15) 209+ 15 0.0 <0.6 NR! 0.1+0.1 —
Rabbit N = 2-3) 14.0 100.9t 14.2 426.5 225 130 31:7:1

2 The figures are expressed as mearSEM.

P The values in brackets represent the number of different liver samples employed.
¢ Not determined.

9 No reaction.

tion of phenanthridine by hepatic aldehyde oxidase; these wdre phthalazine and phenanthridine with human, guinea pig, and rabbit
uM with guinea pig and rabbit liver enzyme andu®1 and 14uM liver enzymes, whereas the two substituted purines were oxidized
with rat and human liver aldehyde oxidase, respectivi€ly.values relatively slowly by AO-active rat liver fractions (table 1). In contrast
for xanthine oxidation by xanthine oxidase also range freth to famciclovir, which did not react with AO-deficient rat enzyme,
wM-14 uM (26), whereas th&,, values for the oxidation of phthala- 6-deoxypenciclovir was slowly oxidized by this fraction.
zine by hepatic aldehyde oxidase are around 501014, 15, 20). Spectrophotometric Measurement of 6-Deoxypenciclovir and
Aldehyde oxidase activity towards phenanthridine or phthalazimamciclovir Oxidation by Partially Purified Liver Molybdenum
was highest in rabbit liver fractions (table 1). Molybdenum hydrox-ydroxylase Fractions.6-Deoxypenciclovir (fig. 2) and famciclovir
ylase activities of guinea pig and rabbit liver were comparable witfave identical UV spectra at pH 7.0 withaaax at 305 nm. The
those reported by others under similar experimental conditions (,pectra of the possible oxidation products of 6-deoxypenciciair
27). Two groups of Sprague-Dawley rats, containing approximatehénciclovir, 8-oxo-6-deoxypenciclovir, and 8-oxopenciclovir, are
equal numbers, were identified with respect to hepatic molybdenwRown in fig. 3. With human, guinea pig, and AO-active rat liver
hydroxylase activity; group A ratsN( = 10), which were active fractions, the successive spectrum scans of 6-deoxypenciclovir andg
towards phenanthridine, phthalazine, and xanthine; and group B 1f$ciclovir incubations showed complete reduction of the absorption S

(N = 15), which catalyzed the oxidation of xanthine but which did ”%aximum, at 305 nm, and appearance of a new peak at 252 nm With§

show measurable activity when the oxidation rate of phenanthridige - ) )
y p d%shoulder at~268 nm (fig. 2). In each case, the final spectrum &

was determined up to 5 min. The enzyme fractions from group B ra(,Iﬁrresponded to that of the 6-oxo-metabolite, indicating that both @

were also much less active towards phthalazine (table 1). It would t%{fieoxypenciclovir and famciclovir are predominantly oxidized at g

appear that. Sprague-pawley rats can be divided |ntp two.grou%:a:rbon 6 giving penciclovir and 6-oxo-famciclovir, respectively, as 3
those containing hepatic aldehyde oxidase and xanthine oxidase

tivity and th With iust xanthine oxid tivity but zer rminimtﬁg_major metabolites. In contrast, no significant change in the spec-g
ya ose Just xa € oxidase activity but zero o rum of 6-deoxypenciclovir or famciclovir was observed when either

aldehyde oxidase levels. These have been designated AO-activ

@
3
(00D ) an0 A dient (oup ) s especivel There s f = 2 TXLRAGS wih AOdefent e Facions. S €
significant difference between the aldehyde oxidase activity in mafe " P yp ry y o
o
o
©

and female AO-active rats. The level of xanthine oxidase in AG- incubations _W'th bovme_mllk_ xanthm-e oxidase although it was
lowly metabolized to penciclovir with high enzyme concentrations.

deficient rat livers was also lower than that in AO-active rat liver: . . . e .
(p < 0.01) which may indicate some deficiency in xanthine oxida eammclovw showed no reaction at all even with higher concentrations

activity in these animals as well. Hepatic xanthine oxidase activity FH° bovine milk xanthine oxidase.

male and female AO-active rats was almost identical, whereas jnWhen 6-deoxypenciclovir was incubated with rabbit enzyme, the

AO-deficient rats xanthine oxidase was 72% highex (p.002) in final QV spectrum did not _correspond to that of 6-deoxypenciclovir or
males than in females. penciclovir and the resulting spectrum showedax at 246 nm and
Human liver is thought to contain low aldehyde oxidase levels (1310 nm with a shoulder at about 280 nm (fig. 2). The absorption
16, 28); however, all five enzyme fractions obtained from frozeffi@Ximum of 8-ox0-6-deoxypenciclovir, an alternative metabolite of
human liver samples showed reasonable activity towards aldehyig€oxypenciclovir, is at 310 nm with a shoulder<240 nm (fig. 3);
oxidase substrates (table 1) although these values were lower tH¥#$: it would seem that rabbit liver enzyme oxidizes 6-deoxypenci-
those found with fresh animal liver enzyme. This may be, in part, @OVir to 8-oxo-6-deoxypenciclovir. However, the final UV spectrum
result of the lability of human liver aldehyde oxidase as enzyni#as not identical to that of the 8-oxo-metabolite and the absorbance at
activity rapidly disappears upon storage in post-mortem tissues arig10 nm indicated that approximately 50% 6-deoxypenciclovir had
after freezing and thawing of post-mortem samples (28,29). IntereBgen converted to 8-oxo-6-deoxypenciclovir. The absorptienzs0
ingly, in contrast to other studies (12,28), with all aldehyde oxidagn indicated that penciclovir was also present.
substrates used in this study human liver aldehyde oxidase activityl he results obtained from famciclovir incubations with rabbit liver
was much higher than that of xanthine oxidase. fractions were similar to those obtained from 6-deoxypenciclovir. As
Oxidation of famciclovir and 6-deoxypenciclovir was followedthe presence of the diacetyl function did not alter the UV chro-
initially at 420 nm using 1 mM potassium ferricyanide as an artificiahophore in famciclovir and 6-oxo-famciclovir, it is assumed that
electron acceptor. At 1 mM concentrations, the oxidation rates 8foxo-famclovir would have the same UV spectrum as that of 8-oxo-
famciclovir and 6-deoxypenciclovir were between those obtained férdeoxypenciclovir. Therefore, by analogy with 6-deoxypenciclovir,
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1.50 r T The only product formed in 6-deoxypenciclovir incubations with
AO-deficient rat fractions or bovine milk xanthine oxidase was pen-
ciclovir (table 2).
77N Penciclovir was refractory to further oxidation when incubated with
/ \ guinea pig, rabbit, or AO-active rat enzyme although 8-0x0-6-
~ deoxypenciclovir was slowly oxidized to 8-oxo-penciclovir by guinea
pig, rabbit, and AO-active rat liver enzyme fractions. Therefore, it
seems that the 8-oxo-penciclovir detected in 6-deoxypenciclovir in-
cubations arises from further oxidation of 8-oxo-6-deoxypenciclovir
1 and not penciclovir.

Chromatographic analysis showed that famciclovir predominantly
underwent oxidation to 6-oxo-famciclovir by guinea pig and AO-
active rat fractions. Small amounts of mono-desacetylfamciclovir, the
i initial de-esterified metabolite of famciclovir, and its oxidation prod-

00 uct, 6-oxo-desacetylfamciclovir, were also produced with both en-

zyme fractions. In addition to 6-oxo-famciclovir, a second major peak
6-deoxypenciclovir (—) with guinea pig (— —) and rabbit ¢ -) liver (MEt_abc.)“te X) Wlth a R of 13.'7 mln. was also formed from_ famci-
fractions at 37°C in phosphage buffer pH containing 0.1 mM EDTA for oclovir with rabbit enzyme fractions (fig. 5). Although authentic 8- and

min. 6,8-0x0-metabolites of famciclovir were not available, by comparison

with the relative retention times and UV-spectral analysis of 6-de-

oxypenciclovir and famciclovir metabolites, the unknown metabolite
generated in rabbit incubations is thought to be 8-oxo-famciclovir.

Very low concentrations of 6-oxo-famciclovir were produced after
prolonged 90 min) incubation of famciclovir with AO-deficient rat
liver fractions, which probably arises from residual aldehyde oxidase
activity in the enzyme fractions.

Inhibition of 6-Deoxypenciclovir and Famciclovir Oxidation.

The relative contribution of aldehyde oxidase and xanthine oxidase to,
the oxidation of 6-deoxypenciclovir and famciclovir was determined
] using specific enzyme inhibitors. The effects of the inhibitors on the

initial rates of substrate oxidation are summarized in table 3. Mena-

dione (1uM), which is a potent aldehyde oxidase inhibitor but an o

electron acceptor of xanthine oxidase (21), caused significant inhibi-<
: tion of 6-deoxypenciclovir and famciclovir oxidation by human,

Wavclngh o) o guinea pig, and rabbit liver enzyme (table 3). Higher menadione
Fic. 3. UV spectra of 5QuM 8-0xo-6-deoxypenciclovir ( ), penciclovir concentrations (10 and 100M) reduced initial oxidation rates by
(— —) and 8-oxo-penciclovir ¢ - - ) measured at 37°C in phosphate  90—100%. In contrast, 100M allopurinol, a mechanism-based in-
buffer pH 7.0 containing 0.1 mM EDTA hibitor of xanthine oxidase (22), had little effect with any of the

enzyme fractions. Isovanillin, a reversible inhibitor of aldehyde oxi-

dase (10,30), also caused a significant decrease in the oxidation 0§

it is suggested that famciclovir is oxidized by rabbit liver fractions t§-deoxypenciclovir and famciclovir in guinea pig, human,and AO- ©
6-oxo-famciclovir and 8-oxo-famciclovir. active rat incubations (table 3); however, it was found to be a substrate

HPLC Analysis of the Oxidation of Famciclovir and 6-De- Of rabbit liver aldehyde oxidase undergoing oxidation to isovanillic
oxypenciclovir by Partially Purified Liver Molybdenum Hydrox-  acid Ky = 0.045 mM, V= 211 nmol/mg/mIN = 2,r = 0.999).
ylase Fractions.Table 2 summarizes the product formation from th&lPLC analysis showed that the formation of all metabolites from
incubation of 6-deoxypenciclovir with hepatic human, guinea pig, rei;deoxypenciclovir, by human, guinea pig, and rabbit fractions was
and rabbit liver fractions and bovine milk xanthine oxidase after 15gnificantly inhibited by the aldehyde oxidase inhibitors, and mini-
min. 6-Deoxypenciclovir was converted to three metabolites byal reduction was observed with allopurinol. In addition, the produc-
guinea pig, rabbit, and AO-active rat liver molybdenum hydroxylaseon of 6-oxo-, 8-oxo-famciclovir, and 6-oxo-desacetylfamciclovir
These co-eluted with penciclovir, 8-oxo-6-deoxypenciclovir, an#as completely inhibited by 100M menadione and the reactions
8-oxo-penciclovir. The major metabolite in 6-deoxypenciclovir incuwere not affected by 10@M allopurinol. Therefore, aldehyde oxidase
bations with guinea pig and AO-active rat liver fractions was pencteems to be the major molybdenum hydroxylase involved in the
clovir with much lower amounts of 8-oxo-6-deoxypenciclovir an@xidation of 6-deoxypenciclovir and famciclovir in human, guinea
8-oxo-penciclovir produced (table 2). 6-Deoxypenciclovir was alseig, and rabbit liver.
predominantly oxidized by human liver aldehyde oxidase to penci- Famciclovir oxidation by enzyme from AO-active rats was also
clovir with only low concentrations of 8-oxo-6-deoxypenciclovir designificantly reduced in the presence of menadione (table 3), but the
tected. In contrast, with rabbit liver aldehyde oxidase, penciclovir amidation of 6-deoxypenciclovir was only inhibited by 43%, 56%, and
8-0x0-6-deoxypenciclovir were produced in approximately equ@b% in the presence of 1, 10, and 1@M menadione, respectively.
amounts with much lower concentrations of 8-oxo-penciclovir alddkewise, when metabolite production was monitored by HPLC, the
formed (fig. 4). This confirms the results obtained from the spectridrmation of 6-oxo-, 8-oxo-famciclovir, and 6-oxo-desacetylfamciclo-
analysis of 6-deoxypenciclovir oxidation by rabbit aldehyde oxidaseir from famciclovir was almost completely abolished by 1aM
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TABLE 2

Products obtained after incubation of 5QM 6-deoxypenciclovirwith partially purified human, guinea pig, rabbit, and rat liver molybdenum hydroxylases
and bovine milk xanthine oxidase for 15 fhin

Enzyme fraction Penciclo_vir (nm_ol/mg 8—Oxo—6—DeoxypencicIo_vir 8—Oxo—Pen(_:icIovir (nmol/mg
protein/15 min) (nmol/mg protein/15 min) protein/15 min)

Human 14.4+ 13.8 0.4+ 0.8 0.0

Guinea pig 430.2- 94.8 158+ 3.4 <2

Rabbif 133.2 148.8 4.2
AO-active rat 79.1+ 17.2 3.2+1.8 <0.5
AO-deficient rat 36.8- 8.7 0.0 0.0

Bovine milk xanthine oxidage 101.2 0.0 0.0

2500 uM 6-Deoxypenciclovir was incubated with all fractions except with human enzyme. In the latter case, the 6-deoxypenciclovir concentration. used wa
50 uM.
PMean+ SD (N = 3-4).

®Mean (N = 2).
d
Q) ? Al (B)
o
[23mAU g (®) [2.3mAU b g
=3
b 9
c )
a =
dc 3
I o
b J TC X a g.
A ;
JZU,.JL JL [ r'"‘!"J [ ___J\\_ z
b ¢ = 0 : 25 2
a : . 2
. Time (min) Time (min) 5
. D
J}\MUL ﬂpb UL Fic. 5. (A) HPLC-UV chromatogram from the incubation of 50M 2
or 10 0 10 famciclovir with rabbit liver aldehyde oxidase for 15 min. (B) The HPLC g
separation of famiclovir (a), 6-oxofamciclovir (b), desacetylfamciclovir (c), &
Time (min) Time (min) and 6-oxo-desacetylfamciclovir (d) under the same chromatographic =
Fic. 4. (A) HPLC-UV chromatogram from the incubation of 50 6- conditions (see Methods). g
deoxypenciclovir with rabbit liver aldehyde oxidase for 15 min. (B) The ) ) o ) o ) 3
HPLC separation of 6-deoxypenciclovir (a), 8-oxo-6-deoxypenciclovir (b)rate. 6-Deoxypenciclovir oxidation in AO-deficient rats is thus El
8-oxo-penciclovir (c), and penciclovir (d) under the same chromatographithought to be catalyzed by xanthine oxidase. g
conditions (see Methods). Kinetic parameters for the oxidation of 6-deoxypenciclovir and o
famciclovir with partially purified human, guinea pig, rabbit, and §

menadione. However, formation of penciclovir from 6-deoxypencl@t molybdenum hydroxylases and bovine milk xanthine oxidase.
clovir was only decreased by 60%, 66%, and 23% in the presenceof 21dVmax Values for the formation of 6-oxo-metabolites, measured
100 uM menadione, isovanillin, or allopurinol, respectively (table 4)?’y "_'PLC'_ by hum{_;m, guinea pig, rabbit, and rat enzyme fractions and
Metabolism of 6-deoxypenciclovir was completely inhibited by Qovme milk xanthine oxlda_se are tabulated |n_tablfe 5._1Khhpan_d
combination of menadione (10aM) and allopurinol (100.M) V,ax Values for the oxidation of 6-deoxypenciclovir with partially

(tables 3 and 4). In contrast, aldehyde oxidase inhibitors complettl.‘)lurifieOI guinea pig liver aldehyde oxidase and bovine milk xanthine

reduced the formation of the minor metabolites, 8-oxo-6-deoxype0)¥'dase were also determined spectrophotometrically as described in

iclovir and 8 iclovir. f 6-d icl h ethods The kinetic parameters obtained wekg; = 0.37 = 0.07
cic 0\_/|r and 8-oxo-penciclovir, from 6- eoxypt_enmc vo_r, wi eree_ls al v andV__ = 158 = 52 nmol/mg/min (Mean= SD, N = 3) for
lopurinol had no effect. Therefore, in AO-active rat liver fractions

T el uinea pig liver aldehyde oxidase aKg, = 1.04 mM andV,, ., =
8-oxo-6-deoxypenciclovir and 8-oxo-penciclovir are produced sole 31 nmol/mg/min for bovine milk xanthine oxidase. No difference

by aldehyde oxidase, while both aldehyde oxidase and xanthine qgls5 spserved using either potassium ferricyanide or molecular oxy-
dase participate in the formation of penciclovir from 6-deoxypencb-en as an electron acceptor.

clovir. Famciclovir was a more efficient substrate than 6-deoxypenciclovir
In contrast to the other species tested, the slow oxidation of 6-dgith human, guinea pig, and AO-active rat liver enzymes both in
oxypenciclovir by AO-deficient rats was markedly inhibited in theerms of enzyme affinity and higher oxidation rates (table 5). Similar
presence of allopurinol, whereas menadione and isovanillin had lithg, values were obtained for the oxidation of 6-deoxypenciclovir with
effect (table 4). Similarly, the oxidation of 6-deoxypenciclovir catahuman, guinea pig, rabbit, and AO-active rat liver aldehyde oxidase,
lyzed by bovine milk xanthine oxidase was inhibited by 100% and 5%though guinea pig enzyme gave the high¥st,/K,, value for
in the presence of 10QM allopurinol and isovanillin, respectively, penciclovir formation. As 6-deoxypenciclovir was converted to two
whereas 10QuM menadione caused 114% increase in the oxidatianajor metabolites, 8-ox0-6-deoxypenciclovir and penciclovir, by rab-
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TABLE 3

Effects of aldehyde oxidase and xanthine oxidase inhibitors on the oxidation @158 deoxypenciclovir and famciclovir with partially purified human,
guinea pig, rabbit, and AO-active rat liver molybdenum hydroxylases monitored at 420 nm

Oxidation Rate (nmol/mg protein/min) of

Inhibitor

(Conc.) 6-Deoxypenciclovir Famciclovir
Human Guinea Pig Rabbit AO-Active Rat Guinea pig Rabbit AO-Active Rat
Control 23%£1.0 20.4*+ 5.6 30.0+ 4.8 43+ 1.7 59.3+ 14.7 47.3£ 54 15.0= 3.5
Menadione (1uM) 08+ 0.2 3.6+ 21° 55+ 3.1° 25+ 05 9.7+8% 51+27 33+ 1%
Isovanillin (10 uM) 0.6 +0.1¢ 40+2A ND 1.2+ 0.6° 10.0+ 7.¢¢ ND 3.0+1%
Allopurinol (100 uM) 21*+0.1 19.0£ 5.1 24.3+ 3.0 3.6+ 09 52.3* 14.6 40.7£ 115 14.0+= 3.5

@Mean= SD (N = 3).

Results are significantly different from control incubatiorPgt < 0.005,°p <0.02 and p < 0.05 (paired-test).

¢ Not determined.

fOxidation rate of 6-deoxypenciclovir with AO-active rat liver enzyme in the presence ofubMd@nenadione and 10@M allopurinol = 0 nmol/mg
protein/min.

TABLE 4

Effects of aldehyde oxidase and xanthine oxidase inhibitors on the formation of 6-oxo-metabolites fraM Bafeoxypenciclovir and famciclovir with
partially purified rat liver molybdenum hydroxylases

6-Oxo-Metabolite Production (hmol/mg protein/15 min)

Inhibitor (conc) Penciclovift 6-Oxofamciclovir
AO-Active Rat AO-Deficient Rat AO-Active Rab
Control 79+ 2 37+ 16 66+ 9
Menadione (10Q.M) 32 + 5 39+ 17 1+1°
Isovanillin (100 uM) 27 = 5¢ 36+5 ND®
Allopurinol (100 uM) 61+2 7+ 9 60+ 4
Menadione plus Allopurinol (10@.M) 0 ND ND

&Mean= SD (N = 3-4).

PMean+ SEM (N = 4).

Results are significantly different from control incubations pt< 0.005 and® p < 0.05.
¢ Not determined.

ut-Aq 610°sfeuinofjadse pwp wo.ly papeojumod

bit liver aldehyde oxidase, the kinetic values for the formation d-methylpurine (12), phenazine methosulphate (33), phthalazine, ande
8-0x0-6-deoxypenciclovir was also determined by HPL& Avalue carbazeran (14) as substrates. Three groups of Sprague Dawley ratg
of 0.32 uM and V,,,,, of 91 nmol/min/mg were calculatedN(= 2), were identified by Stanulovic and Chaykin (31), using pyridoxal and %
which were very similar to those found for penciclovir formatiorN'-methylnicotinamide as aldehyde oxidase substrates, which were3.
(table 5). classified as high-activity, intermediate-activity, and zero-activity an- 2
6-Deoxypenciclovir gave higlk,, and V,,,, values with bovine imals. A structural gene alteration has been suggested for the variatiorﬁ
milk xanthine oxidase. Although the overall efficiency of bovine millof aldehyde oxidase activity in this group of animals (31).
xanthine oxidase towards 6-deoxypenciclovir seems to be almost a3his study has shown that famciclovir and 6-deoxypenciclovir are
high as that of guinea pig or rabbit aldehyde oxidagg.(/Ky = extensively oxidized by guinea pig, human, rabbit, and AO-active rat
0.172 ml/min/mg), the milk xanthine oxidase was of a much highéiver aldehyde oxidase and that, in each case, famciclovir is a more
purity than the hepatic enzymes. Furthermore, very high xanthieéicient substrate than its desacetyl metabolite. This may be a result
oxidase concentrations had to be used to produce measurable reactiche higher lipophilicity of famciclovir, which is a trend that has
rates with 6-deoxypenciclovir. Compared with xanthine (26), 6-dé&een noted previously for aldehyde oxidase substrates (13, 15, 24). In
oxypenciclovir is=800-times less efficient as a substrate for bovineontrast, famciclovir did not react with xanthine oxidase whereas
milk xanthine oxidase. 6-deoxypenciclovir was a relatively poor substrate for this enzyme
compared with xanthine (26). However, a major difference between
rabbit and guinea pig or human aldehyde oxidase is emphasized again
As previously reported (10, 14, 20), high aldehyde oxidase activiby these results. Oxidation of famciclovir and 6-deoxypenciclovir by
has been detected in guinea pig and rabbit liver with lower, bbtuman and guinea pig liver aldehyde oxidase occurred predominantly
nevertheless significant, aldehyde oxidase levels in rat and hunencarbon 6 whereas incubations with rabbit liver enzyme produced
liver. With all enzyme fractions, aldehyde oxidase-catalyzed oxidapproximately equal quantities of 8-oxo- and 6-oxo-metabolites. Both
tion of phthalazine was faster than that of phenanthridine, and pathways were sensitive to inhibition by menadione and thus attrib-
guinea pig, rabbit, and AO-active rat liver fractions aldehyde oxidasgable to aldehyde oxidase although it is possible that different
activity was much higher than that of xanthine oxidase (table 1). Isozymes could be responsible for the formation of each metabolite.
contrast, 60% of Sprague-Dawley rats were devoid of hepatic aldehis appears to be unlikely as thg, andV,,,, values calculated for
hyde oxidase. Other evidence indicates marked variation (12, 31-88 formation of 8-oxo-6-deoxypenciclovir and penciclovir by rabbit
and/or a lack (14, 31, 32) of aldehyde oxidase activity in Spragulérer enzyme were very similar. Not only does this point to the
Dawley rats using Rkmethylnicotinamide (31, 32), pyridoxal (31), involvement of a single isozyme form but also indicates that both

600

Discussion
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TABLE 5

Kinetic parameters for 6-oxo-metabolite formation by partially purified guinea pig, human, rabbit, rat liver molybdenum hydroxylases and bovine milk
xanthine oxidase determined by HPLC

6-Deoxypenciclovir Famciclovir
Enzyme Fraction KM Vmax Vma)!KM KM Vmax Vma)!KM
(mM) (nmol/mg/min) (ml/min/mg) (mM) (nmol/mg/min) (ml/min/mg)
Human liver aldehyde oxidas®(= 1-2) 0.42 16 0.038 0.15 61 0.407
Guinea pig liver aldehyde oxidashl & 3-5) 0.41+ 0.0 209+ 38 0.510 0.17 0.01 439+ 48 2.582
Rabbit liver aldehyde oxidas&(= 2) 0.44 114 0.259 ND
AO-Active rat enzymel| = 3)? 0.37* 0.05 26+ 6 0.070 0.08t 0.02 41+ 10 0.506
AO-Deficient rat enzymeN = 3)? 0.26+ 0.01 4+ 2 0.015 NR
Bovine milk xanthine oxidaseN = 2) 0.90 155 0.172 NR

2Mean += SD.
® Not determined.
¢No reaction.

oxidation reactions occur at the same active site. Whether the sub- o]

strates bind in two different orientations or the binding site is suffi- N
ciently flexible to facilitate nucleophilic attack at carbons 6 and 8 in Aldehyde HN | >
the purine ring is not clear from the present study. Simultaneous oxidase HzN/KN N
formation of two metabolites from aldehyde oxidase substrates has NF N /\4
been observed previously both with quaternary heterocycles such as J\ | > RO OR
N*-methylnicotinamide oN-methylquinolinium salts (31, 32, 34) and H,N \N N Aldehyde 6-0 taboli
other purine-based antiviral agents (7, 17). These workers also /\4) ., Oxidase ~Oxo-metabolite
showed that the ratio of the two oxidation products obtained with RO OR A

rabbit liver aldehyde oxidase differed significantly from that of other

H
NZ SN

species such as guinea pig and man. Rabbit liver aldehyde oxidase is R J% | >:°
- H,NT N

)
o
=
=]
o
QD
[oX
@
o
é"
3
5

therefore a poor model for human liver enzyme activity (15). figs. 6ramciciovir : CH3CO ;?,‘

and 7 summarize the oxidation of famciclovir and 6-deoxypencicloviré-Deoxypenciclovir: ~ H RO '(%;

with human, guinea pig, and rabbit aldehyde oxidase. OR ‘8’

The enzymology of purine oxidation in Sprague Dawley rat liver 8-Oxo-metabolite S
was different for each substrate and dependent on the aldehyde : &

oxidase status of the liver. On the basis of the results with aldehyde : Ald?;'yde S

oxidase inhibitors, rat liver aldehyde oxidase is thought to be respon- v oxidase g

sible for famciclovir oxidation. However, oxidation of 6-deoxypenci- =

clovir appears to be catalyzed by both aldehyde oxidase and xanthine Q H z

oxidase; aldehyde oxidase has the predominant role in AO-active rat HN N s

liver whereas, in the absence of aldehyde oxidase, in AO-deficient rats /k | >:o El

6-deoxypenciclovir is slowly oxidized by xanthine oxidase. As Spra- H;N \N N g

gue-Dawley rats are frequently used in metabolism/toxicity studies Major patimay RO /\4 §
©

during drug development programs (16—18), random selection of rats | ....... ,’ Minor pathway OR
would, at the least, lead to highly variable results. Typing of rat liver
with a test aldehyde oxidase substrate would thus be advantageous. It o ) o
is likely that the contradictory findings observed in some studies (18) ¢ 6 The oxidative metabolic pathways of famciclovir and 6-
. . L deoxypenciclovir catalyzed by partially purified human and guinea pig
arise from an absence of aldehyde oxidase activity in some rats rather aldehyde oxidase.
than the nonparticipation of aldehyde oxidase in a particular reaction.
Although allopurinol caused a slight decrease in 6-deoxypencicldovir (1, 4). 6-Deoxypenciclovir is thus thought to be timevivo
vir oxidation in guinea pig, human, and rabbit incubations (table 3),substrate of aldehyde oxidase. Furthermore, the major famciclovir
is unlikely that this is a consequence of xanthine oxidase inhibitianetabolite, penciclovir, does not appear to undergo further oxida-
but that allopurinol is acting as a competitive substrate of aldehyden in vivo (1—4). This correlates well with oun vitro results
oxidase (35). Furthermore, it is proposed that xanthine oxidase wowdich showed that penciclovir was not converted to 8-oxo-penci-
not contribute to the oxidation of either 6-deoxypenciclovir or famelovir by guinea pig, rabbit, or rat liver aldehyde oxidase although
ciclovir in vivo in guinea pig, rabbit, or humans. Thus co-administra8-oxo-6-deoxypenciclovir was slowly converted to the 6,8-dioxo-
tion of allopurinol with famciclovir to healthy volunteers did notmetabolite. Peak plasma levels of penciclovir are formed within 1
significantly alter penciclovir formation (36). hr of famciclovir administration with very little parent drug de-
Human aldehyde oxidase had a higher catalytic activity towardscted in plasma (4). Oxidation of 6-deoxypenciclowirvivo thus
famciclovir than 6-deoxypenciclovir; however, it is unlikely thatoccurs very quickly, which indicates that aldehyde oxidase activity
famciclovir reacts with hepatic aldehyde oxidasevivo as it is in human liver is very high. This is in contrast to the findingsof
rapidly deacetylated in the intestine and blood to 6-deoxypenditro studies (12, 28) and has important implications for other
clovir (1). Plasma metabolites, after oral administration of 125drugs and xenobiotics, particularly those that are better substrates
750 mg famciclovir, consist almost entirely of penciclovir withfor aldehyde oxidase than 6-deoxypenciclovir. This compound has
much lower amounts of 6-deoxypenciclovir but no 6-oxo-famcia relatively low oxidation rate and high,, value compared with

6,8-Dioxo-metabolite
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6,8-Dioxo-metabolite
Fic. 7. The oxidative metabolic pathways of famciclovir and 6-

deoxypenciclovir catalyzed by partially purified rabbit liver aldehyde  16.
oxidase

other heterocycles or aldehydes. Under similar experimental co]n7-'
ditions the substrate efficiency(,../Ky value) for the oxidation 18.
of 6-deoxypenciclovir by human liver aldehyde oxidase is some
10- to 200-fold lower than those of other substrates such as
famciclovir, phenanthridine, phthalazine, carbazeran, quinazoline,
or vanillin (10, 14, 15). Nevertheless, rapid turnover of 6-del.
oxypenciclovir occurs in man (1, 4). Similar results were obtained
with the inotropic agent, carbazeran, which was rapidly inactivated
in manvia oxidation by hepatic aldehyde oxidase (37, 38). Thi
further illustrates the high metabolic capacity of human liver
aldehyde oxidase (39).
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