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Abstract

Although 7-hydroxymethotrexate is a major metabolite of methotrexate during high-dose
therapy, negligible methotrexate-oxidizing activity has been found in-vitro in the liver in
man. The goals of this study were to determine the role of aldehyde oxidase in the
metabolism of methotrexate to 7-hydroxymethotrexate in the liver and to study the effects
of inhibitors and other substrates on the metabolism of methotrexate. Methotrexate, (� )-
methotrexate and (ÿ)-methotrexate were incubated with partially puri®ed aldehyde
oxidase from the liver of rabbit, guinea-pig and man and the products analysed by
HPLC. Rabbit liver aldehyde oxidase was used for purposes of comparison.

In-vitro aldehyde oxidase from the liver of man catalyses the oxidation of methotrexate
to 7-hydroxymethotrexate, but the turnover is low. However, formation of 7-hydroxy-
methotrexate from all forms of methotrexate by the liver in guinea-pig and man was
signi®cantly inhibited in the presence of 100mM menadione and chlorpromazine, potent
inhibitors of aldehyde oxidase. Allopurinol (100mM) had a negligible inhibitory effect on
liver aldehyde oxidase from guinea-pig and man. Allopurinol is a xanthine oxidase
inhibitor. The production of 7-hydroxymethotrexate was enhanced in the presence of
allopurinol. Although aldehyde oxidase is also responsible for some of this conversion, it is
also possible that the closely related xanthine oxidase is responsible for the formation of
7-hydroxymethotrexate.

By employing potent selective inhibitors of aldehyde oxidase, menadione and chlor-
promazine, we have demonstrated for the ®rst time that liver aldehyde oxidase from man is
minimally involved in methotrexate oxidation.

After high-dose therapy with the folate antag-
onist, methotrexate (10-methyl-4-pteroyl-L-glu-
tamic acid), serum levels of its major metabolite,
7-hydroxymethotrexate, can be up to 100 times
those of the parent drug, and up to 33% of the dose
is excreted as 7-hydroxymethotrexate (Ertmann et
al 1985; Winograd et al 1986). However, the
metabolic origins of 7-hydroxymethotrexate, at
least in man, are unclear. Rabbit liver aldehyde
oxidase (aldehyde oxygen reductase oxidor-
eductase, EC 1.2.3.1) catalyses the rapid formation
of 7-hydroxy-methotrexate from methotrexate but
the same enzyme from the liver of man has negli-
gible methotrexate-metabolizing activity (Johns

1967; Fabre et al 1986). This might be because of
the instability of liver aldehyde oxidase in surgi-
cally excised and post-mortem samples from man
(Johns 1967; Duley et al 1985). Alternatively,
because rabbit liver aldehyde oxidase has substrate
speci®city very different from that of its counter-
part in man (Beedham et al 1990, 1995), 7-hydroxy-
methotrexate formation might be attributed to
another enzyme system, perhaps the closely related
molybdenum hydroxylase, xanthine oxidase.

There are con¯icting arguments on the con-
tribution of 7-hydroxymethotrexate to the clinical
toxicity of methotrexate. The metabolite is less
water-soluble than the parent drug and might be
implicated in the renal and hepatotoxicity
associated with high-dose methotrexate therapy
(Bremnes et al 1991). Ertmann et al (1985) have

Correspondence and present address: C. G. M. Jordan,
School of Food Science and Environmental Health, Dublin
Institute of Technology, Marlborough Street, Dublin 1, Ireland.



suggested that reduced production of 7-hydroxy-
methotrexate might lead to enhanced clinical toxi-
city which might not be predictable by monitoring
methotrexate serum levels alone. It is thus impor-
tant to determine whether other drugs which
interact with aldehyde oxidase, either as substrates
or as inhibitors, interfere with methotrexate meta-
bolism. Inhibitors of aldehyde oxidase could
potentially lead to increased methotrexate plasma
levels and toxicity, or they might have a bene®cial
effect by reducing the variability in methotrexate
clearance or reducing the toxicity caused by 7-
hydroxymethotrexate, or both.

The goals of this study were twofold Ð
to determine the role of aldehyde oxidase in
the metabolism of methotrexate to 7-hydroxy-
methotrexate in the liver in man and to study the
effects of inhibitors and other substrates on the
metabolism of methotrexate. Experiments on the
(� ) and (ÿ) forms of methotrexate (10-methyl-4-
aminopteroyl-DL-glutamic acid and 10-methyl-4-
aminopteroyl-D-glutamic acid, respectively) were
performed for purposes of comparison and are
completely novel. The drug described as metho-
trexate is the L or (� ) con®guration).

Materials and Methods

Chemicals
Methotrexate, (� )-methotrexate, (ÿ)-methotrex-
ate, allopurinol, menadione, chlorpromazine,
dithioerythritol, phenylmethysulphonyl ¯uoride,
leupeptin and EDTA were from Sigma (Poole,
UK). All solvents were HPLC-grade from BDH
(Poole, UK). Famciclovir, 6-deoxypenciclovir and
penciclovir were supplied by SmithKline Beecham.
7-Hydroxymethotrexate was enzymatically pre-
pared from methotrexate, in our laboratory, by use
of partially (20-fold) puri®ed aldehyde oxidase
from New Zealand White rabbit liver.

Enzyme puri®cation
Partially puri®ed aldehyde oxidase was prepared,
from freshly excised livers from New Zealand
White rabbits or Dunkin-Hartley guinea-pigs, as
described elsewhere (Johnson et al 1984). The
enzyme from man was prepared in a similar man-
ner from frozen liver (obtained from the Interna-
tional Institute for the Advancement of Medicine
(IIAM), PA), except that samples were homo-
genized at 4�C in 2 mM Tris buffer, pH 7�0,
containing 1 mM dithioerythritol, 50 mM phenyl-

methysulphonyl ¯uoride, 10 mM leupeptin and
1 mM EDTA. Aldehyde oxidase prepared as above
has been puri®ed 20- to 50-fold. Partially puri®ed
enzyme was stored as beads in liquid nitrogen until
required.

Spectrophotometric determination of the enzyme
activity of partially puri®ed aldehyde oxidase
All spectrophotometric determinations were per-
formed with a Pye-Unicam SP8-250 UV-Vis
spectrophotometer ®tted with a Pye-Unicam cell-
temperature control-unit operated at 37�C. The
enzyme activity of partially puri®ed fractions was
monitored by use of phenanthridine (a speci®c
aldehyde oxidase substrate) and potassium ferri-
cyanide as an electron acceptor. Test cuvettes
contained 0�1 mL appropriately diluted enzyme and
50 mM phenanthridine in a total volume of 3�0 mL
67 mM Sùrensen's phosphate buffer (pH 7�0) con-
taining 0�1 mM EDTA. Substrate was omitted from
control cuvettes and the reaction was monitored at
322 nm. The amount of enzyme used in the incu-
bation depended on the activity of that particular
sample.

Preparation of 7-hydroxymethotrexate from
methotrexate using partially puri®ed aldehyde
oxidase from New Zealand White rabbit liver
Methotrexate (50 mg) was dissolved in a minimum
amount of 0�1 M NaOH. Sùrensen's buffer (pH 5�5,
70 mL) was added and the pH adjusted to 7�8 with
5 M NaOH initially and then 0�5 M NaOH. The
enzyme used was partially puri®ed aldehyde oxi-
dase from New Zealand rabbit liver. This was
added to the methotrexate solution in a water-bath
at 37�C according to the regime: 0 min, 3 mL
enzyme; 120 min, 2 mL; 240 min, 2 mL.

The enzyme was used directly and was not
diluted with buffer. Samples were taken after 0,
120, 240 and 360 min. Sample (200mL) was added
to perchloric acid (3�6%, 100 mL) and the mixture
was centrifuged at 9000 rev minÿ1 for 5 min. The
reaction was monitored by HPLC. At this stage,
most methotrexate was converted to 7-hydroxy-
methotrexate. The pH was now increased to 8�4 by
use of 0�5 M NaOH, and the solution was left to
stand overnight at 4�C. Next day the solution was
centrifuged at 8000 rev minÿ1 for 10 min as a pre-
cipitate had formed. This precipitate was suspended
in distilled water (6 mL) and heated in a boiling
water-bath for 4 min. It was then centrifuged at
5000 rev minÿ1 for 10 min and the insoluble protein
discarded. The supernatant from the ®rst solution
was chromatographed and found to contain a high
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concentration of 7-hydroxymethotrexate and some
methotrexate. This solution was left to stand over-
night at 4�C. It was then chromatographed and
found to contain mostly 7-hydroxymethotrexate.
Glacial acetic acid (4�8 mL) was added and the
mixture was left to stand overnight at 4�C. Next
day a yellow precipitate had formed in the solution.
This precipitate was removed by vacuum-®ltration,
washed with acetone, and placed in a desiccator
(P2O5) and dried overnight. This yellow precipitate
was pure 7-hydroxymethotrexate; its structure was
con®rmed by spectroscopic analysis (nuclear
magnetic resonance and mass spectrometry) and
chromatographic analysis (HPLC). It was stored
in a desiccator (P2O5) and used as required.
The structures of methotrexate and 7-hydroxy-
methotrexate are shown in Figure 1.

Preparation of standard solutions of (� )- and
(ÿ)-methotrexate, 7-hydroxymethotrexate and
inhibitors
Standards of (� )- and (ÿ)-methotrexate and 7-
hydroxymethotrexate are insoluble directly in
aqueous buffer so must ®rst be dissolved in HCl
(0�1 M, 1�0 mL) which is then neutralized with
NaOH (0�1 M, 1�0 mL). They are then diluted to
volume with Sùrensen's buffer, 63 mM EDTA (pH
7�0). Calibration curves for each solution were
drawn and found to be linear within the range 0±
300 mM (r2 � 0�999). A substrate concentration of
50 mM was chosen because this was relevant to
therapeutic plasma concentrations and also furn-
ished measurable concentrations of metabolite from
partially puri®ed rabbit and guinea-pig liver alde-
hyde oxidase. Substrate concentrations of 300mM

had to be used for aldehyde oxidase from the liver
of man, because turnover was slow and this con-
centration was required to furnish measurable
concentrations of metabolite. Concentrations of
parent compound and metabolites are measured in
micromoles (mM) instead of mg Lÿ1 or mg mLÿ1;
this is because the parent compound is prepared in
buffer (pH 7�0) and mM is de®ned as weight of
compound per volume of solution. By expressing
concentration in mM it is easier to compare results
in buffer only with those obtained in the presence

of enzymes. With in-vitro studies it is always best
to express concentration in mM.

Allopurinol was ®rst dissolved in NaOH (0�1 M,
1�0 mL), then stirred, followed by addition of HCl
(0�1 M, 1�0 mL), the ®nal solution was diluted to
volume with buffer (pH 7�0). Chlorpromazine was
treated in the same manner as allopurinol. Chlor-
promazine is light-sensitive and so was protected
with aluminium foil. Because menadione is inso-
luble in aqueous buffer, it was prepared in absolute
alcohol; the appropriate dilutions were then made
with buffer (pH 7�0). This compound also is light-
sensitive, and so was protected with aluminium
foil; it was stable for only 2±3 h in buffer (pH 7�0).
Famciclovir, penciclovir and 6-deoxypenciclovir
were all soluble in aqueous buffer (pH 7�0). Each
inhibitor (10, 50 and 100 mM of each) was used in
incubations; because it was found that the 100mM

concentration caused the greatest inhibition, this
concentration was used in all experiments.

Incubation conditions
(� )- or (ÿ)-methotrexate (50mM) was incubated
with partially puri®ed guinea-pig aldehyde oxidase
(100mL) in phosphate buffer (67 mM, pH 7�0;
3 mL) containing EDTA (0�1 mM) at 37�C. Reac-
tions were terminated by addition of samples (200
mL) to perchloric acid (3�6%, 100 mL). Samples
were centrifuged in a Beckman bench-top micro-
centrifuge for 5 min and the supernatant was sub-
sequently analysed by HPLC. Experiments with
liver aldehyde oxidase from rabbit and man were
performed as for guinea-pig enzyme, with mod-
i®cations: methotrexate only was incubated with
rabbit liver aldehyde oxidase (20mL) and metho-
trexate (300mM) was incubated with liver enzyme
from man (50 mL) in buffer (1�5 mL). These incu-
bations were terminated with 6�0% perchloric acid.
Incubations were also performed in the presence of
allopurinol, menadione, chlorpromazine, famciclo-
vir, penciclovir and 6-deoxypenciclovir (100mM).
Control incubations containing no substrate, no
enzyme and no inhibitors were performed in par-
allel with normal incubations.

Chromatographic analysis
HPLC analysis was performed with a Waters
Associates (Northwich, Cheshire, UK) system
comprising a 717 Plus autosampler, UV 486 tun-
able absorbance detector and a 510 pump, all
controlled by Millennium software. Samples from
all incubations were analysed on a 25 cm6 4�6 mm
(i.d.) 5 mM Spherisorb ODS2 column with a
mBondapak C18 Guard-Pak insert; the mobile phase

Figure 1. The structures of methotrexate (R�H) and
7-hydroxymethotrexate (R�OH).

METHOTREXATE OXIDATION TO 7-HYDROXYMETHOTREXATE BY HEPATIC ALDEHYDE OXIDASE 413



was 0�1 M ammonium acetate (pH 5�5)±methanol±
acetonitrile, 87:5:8 (%v=v) at a ¯ow rate of
1�5 mL minÿ1. The reactions were monitored at
305 nm and room temperature. The concentration
(mM) of 7-hydroxymethotrexate was calculated
relative to the standard synthesized in our labora-
tory. Under these conditions methotrexate and
7-hydroxymethotrexate had retention times of
approximately 8�6 and 11�1 min, respectively (Fig-
ure 2).

HPLC analysis of the oxidative conversion of
50 mM 6-deoxypenciclovir to penciclovir by par-
tially puri®ed liver aldehyde oxidase from man,
was performed with a Waters Associates (North-
wich, Cheshire, UK) system comprising a 510
pump, 710B WISP automatic injector, a Lambda-
Max LC Spectrophotometer and a 740 data module.
Samples from all incubations were analysed on a
25 cm6 4�6 mm (i.d.) 5 mM Spherisorb ODS2 col-
umn with a mBondapak C18 Guard-Pak insert; the
mobile phase was 0�05 M ammonium acetate (pH
4�65)±1�4% acetonitrile at a ¯ow-rate of
1�5 mL minÿ1. The reactions were monitored at
280 nm and room temperature. Under these condi-
tions the retention times of penciclovir and 6-
deoxypenciclovir were 15 and 18 min, respectively.

Results and Discussion

In agreement with previous studies (Johns et al
1966; Fabre et al 1986) methotrexate was rapidly

converted to 7-hydroxymethotrexate by rabbit liver
aldehyde oxidase; disappearance of the substrate
was complete within 30 min (Figure 3). However,
when methotrexate was incubated with guinea-pig
liver enzyme under similar conditions only 2%
breakdown of methotrexate occurred within
240 min (Figure 4). Species differences in aldehyde
oxidase activity towards methotrexate have been
noted previously (Johns et al 1966). 7-Hydroxy-
methotrexate formation by guinea-pig enzyme was
stereoselective with higher oxidation rates observed
with the (ÿ) isomer than with methotrexate or the
racemate. Initial oxidation rates for methotrexate,
(� )-methotrexate and (ÿ)-methotrexate were in
the ratio 2:3:4 (Table 1). The formation of 7-
hydroxymethotrexate as a percentage of the starting
concentration of the parent compound is shown in
Table 2 for partially puri®ed rabbit and guinea-pig

Figure 2. HPLC analysis showing the formation of 7-hydroxy-
methotrexate from methotrexate.

Figure 4. Formation of 7-hydroxymethotrexate from the
incubation of 50mM methotrexate with partially puri®ed gui-
nea-pig liver aldehyde oxidase for 4 h at 37�C. Results are
presented as mean� s.e. (n � 4). m (ÿ)-methotrexate, j (� )-
methotrexate, r (�)-Methotrexate.

Figure 3. Formation of 7-hydroxymethotrexate from the
incubation of 50mM methotrexate with partially puri®ed rabbit
liver aldehyde oxidase for 1 h at 37�C. j (�)-Methotrexate, r
7-hydroxymethotrexate.
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liver aldehyde oxidase. A comparison can be made
between the isomers.

From the results of this study, the differences
between aldehyde oxidase activity towards metho-
trexate and (ÿ)-methotrexate are interesting
because it seems that (ÿ)-methotrexate is a better
substrate than methotrexate for the liver enzymes
from both guinea-pig and man. Although metabo-
lite formation was faster from methotrexate with
liver aldehyde oxidase from man, chlorpromazine
and famciclovir had a greater inhibitory effect on
metabolite formation from this isomer, indicating
that it had lower af®nity for the enzyme than did
the (ÿ) isomer. This might explain why (ÿ)-
methotrexate is less potent and considerably less
toxic against leukaemia L1210 in the mouse than
methotrexate (Skipper & Schmidt 1962), even
though both isomers have a similar in-vitro potency

toward dihydrofolate reductase from mouse L210
cells or leukaemia cells from man (Lee et al 1974).

Oxidation of methotrexate by liver aldehyde
oxidase from man was even slower than that with
guinea-pig enzyme. Consequently, higher con-
centrations of substrate and the enzyme from man
were used to furnish measurable quantities of
7-hydroxymethotrexate and it was not possible to
detect metabolite production in incubations up to
90 min. This is in agreement with the ®ndings of
other researchers (Johns 1967; Fabre et al 1986),
who found that liver aldehyde oxidase enzyme
from man has negligible methotrexate-metaboliz-
ing activity. This might arise from the instability of
the enzyme in surgically excised and post-mortem
samples from man (Johns 1967; Duley et al 1985).
In contrast, almost complete conversion of
6-deoxypenciclovir to penciclovir occurred with

Table 2. The formation of 7-hydroxymethotrexate as a percentage of the starting concentration of the parent compound (50 mM) in
the presence of partially puri®ed liver aldehyde oxidase.

Time (min) Amount of 7-hydroxymethotrexate (%)

Methotrexate (�)-Methotrexate (ÿ)-Methotrexate

Guinea-pig liver aldehyde oxidase
0 0�00� 0�00 0�00� 0�00 0�00� 0�00
15 0�10� 0�03 0�20� 0�05 0�40� 0�03
30 0�30� 0�02 0�60� 0�05 0�80� 0�07
60 0�60� 0�06 1�00� 0�12 1�40� 0�10
90 0�90� 0�06 1�60� 0�16 2�40� 0�22
120 1�10� 0�14 2�20� 0�18 3�20� 0�24
180 1�60� 0�19 3�10� 0�28 4�70� 0�32
240 2�40� 0�14 3�70� 0�36 6�00� 0�39

Rabbit liver aldehyde oxidase
0 0�0
5 11�90
10 20�00
15 22�60
30 24�10
60 29�90

Mean� s.e.m.

Table 1. The effect of inhibitors on the formation of 7-hydroxymethotrexate from 50mM methotrexate catalysed by guinea-pig
liver aldehyde oxidase.

Incubation Concn (mM) of 7-hydroxymethotrexate formed in 180 min from:

Methotrexate (�)-Methotrexate (ÿ)-Methotrexate

Control 1�90� 0�34 2�90� 0�22 3�70� 0�65
Menadione 0�30� 0�08** 0�40� 0�15** 0�60� 0�16*
Chlorpromazine ND ND ND
Allopurinol 2�0� 0�27 2�90� 0�54 3�50� 0�57
Famciclovir 1�80� 0�26 2�70� 0�43 2�70� 0�36
6-Deoxypenciclovir 1�80� 0�27 2�60� 0�52 2�60� 0�21
Penciclovir 1�90� 0�24 2�80� 0�43 2�80� 0�34

Values are means� s.e.m. (n � 4). *P< 0�05, **P< 0�01 compared with control. ND� not detectable.
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liver aldehyde oxidase from man (Figure 5), which
shows that the enzyme preparation was still active.
From Figures 6 and 7 it is clearly apparent that the
degradation of 6-deoxypenciclovir follows second-
order rate kinetics. The values of the rate constant
(k) are shown in Table 3 for ®rst- and second-order
reactions, as is the half-life (t 1

2
) value for the ®rst-

order reaction. The ®ndings in Figure 4 served as a
positive control. There was no signi®cant differ-
ence in the results obtained from methotrexate,
(� )-methotrexate, or (ÿ)-methotrexate (Table 4).
Absolute values of the concentrations (mM) were
determined for substrate and metabolite in Figure 4.
However, large errors are shown for the means of
three experiments, because of large variations in
aldehyde oxidase activity in liver samples from
man.

Interaction of methotrexate, (� )-methotrexate and
(ÿ)-methotrexate with inhibitors
7-Hydroxymethotrexate formation from 50mM

methotrexate was monitored in the presence of
100 mM menadione and chlorpromazine, both of
which are potent aldehyde oxidase inhibitors (Johns
1967). To account for the different catalytic activity
of the liver enzyme from guinea-pig and man,
incubations with that from the guinea-pig were
performed for 180 min whereas those with the
enzyme from man were performed for 240 min.
Even with the increased incubation time
7-hydroxymethotrexate production by the enzyme
from man was much lower than that by guinea-pig
aldehyde oxidase. Menadione caused complete
inhibition of 7-hydroxymethotrexate formation
from all forms of methotrexate by liver fractions
from man and reduced metabolite formation from
each isomer by approximately 85% in guinea-pig
incubations. Chlorpromazine, had a variable effect
on 7-hydroxymethotrexate production, resulting in
100, 39 and 59% inhibition of oxidation of meth-
otrexate, (� )-methotrexate and (ÿ)-methotrexate,
respectively, by the enzyme from man. This might
indicate that in man different liver aldehyde oxi-
dase isozymes are responsible for the oxidation of
methotrexate and (ÿ)-methotrexate or that (ÿ)-
methotrexate competes more effectively than
methotrexate with chlorpromazine for the enzyme
active site.

Allopurinol, which is a selective inhibitor of
xanthine oxidase (Krenitsky et al 1986), had little
effect on 7-hydroxymethotrexate formation from
either isomer, con®rming that xanthine oxidase is
not involved in methotrexate metabolism. The

Figure 5. Oxidative conversion of 50 mM 6-deoxypenciclovir
(r) to penciclovir (j) by partially puri®ed human liver
aldehyde oxidase. Results are presented as mean� s.e.m.

Figure 6. First-order plot for the degradation of 6-deoxypen-
ciclovir to penciclovir by partially puri®ed human liver alde-
hyde oxidase.

Figure 7. Second-order plot for the degradation of 6-deoxy-
penciclovir to penciclovir by partially puri®ed human liver
aldehyde oxidase.

Table 3. Rate constants and half-lives of the degradation of
6-deoxypenciclovir.

Physicochemical
parameter

First-order
reactiona

Second-order
reactionb

Rate constant (minÿ1) 0�01 0�001
Half-life 50�20 ±

a,bRate constant, k, � 2�3036 slope. aHalf-life, t 1
2

,
� 0�693=k.
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production of 7-hydroxymethotrexate was even
enhanced in the presence of allopurinol (100mM).

Neither famciclovir nor its metabolites (100mM)
signi®cantly reduced 7-hydroxymethotrexate for-
mation, by guinea-pig liver aldehyde oxidase, from
methotrexate or (� )-methotrexate, although
metabolite formation from (ÿ)-methotrexate was
reduced by 27%. 7-Hydroxymethotrexate produc-
tion from (ÿ)-methotrexate by liver aldehyde oxi-
dase from man was also inhibited by famciclovir
and 6-deoxypenciclovir and some inhibition was
also found with methotrexate and (� )-methotrex-
ate. However, it is unlikely that methotrexate
metabolism would be affected in-vivo during
combination therapy with famciclovir because in-
vitro inhibition was only achieved with relatively
high purine concentrations (100mM). At 10mM,
famciclovir or its metabolites did not reduce
methotrexate oxidation by guinea-pig aldehyde
oxidase. Plasma concentrations of famciclovir and
penciclovir would not be expected to exceed 10mM

(Filer et al 1994). Co-administration of potent
aldehyde oxidase inhibitors, such as amsacrine or
chlorpromazine, might enhance the therapeutic
selectivity of methotrexate by reducing toxicity
associated with 7-hydroxymethotrexate and by
increasing the percentage of methotrexate available
for polyglutamation, an important component of
methotrexate cytotoxicity (Matherly et al 1987). In
addition, inhibition of methotrexate 7-hydroxyla-
tion would lead to less variation in plasma levels of
methotrexate and the success of leucovorin rescue
would be easier to predict. Furthermore, although
co-administration of amsacrine, an acridine anti-
tumour agent, with methotrexate to rabbits reduces
urinary excretion of 7-hydroxymethotrexate by
50% (approx.) (Lee & Chan 1988), amsacrine has a
much higher af®nity for aldehyde oxidase than
famciclovir or 6-deoxypenciclovir. Activation of
famciclovir, a recently introduced antiviral drug,
involves hydrolysis of both acetyl groups to

6-deoxypenciclovir, then oxidation to the potent
antiherpes agent, penciclovir (Vere Hodge et al
1989). The oxidation step is catalysed by hepatic
aldehyde oxidase (Clarke et al 1995). Co-adminis-
tration of famciclovir with methotrexate could
potentially lead to increased methotrexate plasma
levels and toxicity. Alternatively, this might have a
bene®cial effect by reducing the variability in
methotrexate clearance or reducing toxicity caused
by 7-hydroxymethotrexate, or both. Thus, the in-
vitro interaction between famciclovir, or its meta-
bolites, and methotrexate oxidation has been
investigated. Amsacrine is a potent competitive
aldehyde oxidase inhibitor with a calculated inhi-
bition constant, Ki, of 2�5mM (Lee & Chan 1988),
whereas the Km values for famciclovir and
6-deoxypenciclovir are 100±500 mM for liver
aldehyde oxidase from guinea-pig or man (Rashidi
et al 1994; Clarke et al 1995).

The different aldehyde oxidase activity toward
methotrexate and (ÿ)-methotrexate is of interest
because it seems that the (ÿ) isomer is a better
substrate than methotrexate for the liver enzyme
from both guinea-pig and man. Although metabo-
lite formation was faster from methotrexate, with
liver aldehyde oxidase from man, chlorpromazine
and famciclovir had a greater inhibitory effect on
metabolite formation from this compound indicat-
ing a lower af®nity for the enzyme than that of the
(ÿ) isomer. This might explain why (ÿ)-metho-
trexate is less potent and considerably less toxic
against leukaemia L1210 in the mouse than meth-
otrexate (Skipper & Schmidt 1962) even though
both isomers have a similar in-vitro potency toward
dihydrofolate reductase from mouse L210 cells or
leukaemia cells from man (Lee et al 1974).

In conclusion, even though we have shown
that, in-vitro, liver aldehyde oxidase from man
catalyses the oxidation of methotrexate to
7-hydroxymethotrexate, turnover is low. During
high-dose therapy 33% of the parent drug is

Table 4. The effect of inhibitors on the formation of 7-hydroxymethotrexate from 300 mM methotrexate catalysed by liver
aldehyde oxidase from man.

Concn (mM) of 7-hydroxymethotrexate formed in 240 min from:

Incubation Methotrexate (�)-Methotrexate (ÿ)-Methotrexate

Control 0�20� 0�04 0�30� 0�05 0�20� 0�09
Menadione ND ND ND
Chlorpromazine ND 0�20� 0�01 0�10� 0�01
Allopurinol 0�20� 0�07 0�30� 0�06 0�30� 0�15
Famciclovir 0�10� 0�08 0�20� 0�01 0�10� 0�01
6-Deoxypenciclovir 0�20� 0�06 0�20� 0�06 0�10� 0�06

Mean� s.e.m. (n � 4). ND� not detectable.
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excreted as 7-hydroxymethotrexate (Ertmann et al
1985; Winograd et al 1986). Despite this, aldehyde
oxidase is responsible for some of this conversion;
perhaps the closely related xanthine oxidase is also
responsible for the formation of 7-hydroxy-
methotrexate. By employing potent, selective
inhibitors of aldehyde oxidase, menadione and
chlorpromazine, we have demonstrated for the ®rst
time that liver aldehyde oxidase from man is
minimally involved in methotrexate oxidation.

Acknowledgements
The authors gratefully acknowledge ®nancial sup-
port for a Biotechnology and Biological Sciences
Research Council studentship for H. Laljee and an
award from the Overseas Research Studentship
scheme, for M. R. Rashidi during this work.

References

Beedham, C., Bruce, S. E., Critchley, D. J. P., Rance, D. J.
(1990) 1-Substituted phthalizines as probes of the substrate-
binding site of mammalian molybdenum hydroxylases.
Biochem. Pharmacol. 39: 1213±1221

Beedham, C., Critchley, D. J. P., Rance, D. J. (1995) Substrate
speci®city of human liver aldehyde oxidase toward substi-
tuted quinazolines and phthalazines: a comparison with
hepatic enzyme from guinea-pig, rabbit and baboon. Arch.
Biochem. Biophys. 319: 481±490

Bremnes, R. M., Smeland, E., Slordal, L., Wist, E., Aarbakke,
J. (1991) The effect of vindesine on methotrexate hydro-
xylation in the rat. Biochem. Pharmacol. 42: 1561±1568

Clarke, S. E., Harrell, A. W., Chenery, R. J. (1995) Role of
aldehyde oxidase in the in vitro conversion of famciclovir to
penciclovir in human liver. Drug Metab. Dispos. 23: 251±
254

Duley, J. A., Harris, O., Holmes, R. S. (1985) Analysis of
human alcohol and aldehyde metabolizing isozymes by
electrophoresis and isoelectric focusing. Clin. Exp. Res. 9:
263±271

Ertmann, R., Bierlack, S., Landbeck, G. (1985) 7-Hydroxy-
methotrexate and clinical toxicity following high-dose meth-
otrexate therapy. J. Cancer Res. Clin. Oncol. 109: 86±88

Fabre, G., Seither, R., Goldman, I. D. (1986) Hydroxylation of
4-amino-antifolates by partially puri®ed aldehyde oxidase
from rabbit liver. Biochem. Pharmacol. 35: 1325±1330

Filer, C. W., Allen, G. D., Brown, T. A., Fowles, S. E., Hillis,
F. J., Mort, E. E., Prince, W. T., Ramji, J. V. (1994)
Metabolic and pharmacokinetic studies following oral
administration of 14C-famciclovir to healthy subjects. Xeno-
biotica 24: 357±368

Johns, D. G. (1967) Human liver aldehyde oxidase: differential
inhibition of oxidation of charged substrates and uncharged
substrates. J. Clin. Invest. 46: 1492±1505

Johns, D. G., Iannotti, A. T., Sartorelli, A. C., Bertino, J. R.
(1966) The relative toxicities of methotrexate and amino-
pterin. Biochem. Pharmacol. 15: 555±561

Johnson, C., Stubley-Beedham, C., Stell, J. G. P. (1984)
Elevation of molybdenum hydroxylase levels in rabbit
liver after ingestion of phthalazine or its hydroxylated
metabolite. Biochem Pharmacol. 33: 3699±3705

Krenitsky, T. A., Spector, T., Hall, W. W. (1986) Xanthine
oxidase from human liver: puri®cation and characterisation.
Arch. Biochem. Biophys. 247: 108±119

Lee, Y.-J., Chan, K. K. (1988) Metabolic interaction between
methotrexate and 40-(9-acridnylamino)methansulphon-M-
anisidide in the rabbit. Cancer Res. 48: 5106±5111

Lee, W. W., Martinez, A. P., Goodman, L. (1974) Folic acid
antagonists. Methotrexate analogs containing spurious amino
acids. Dichlorohomofolic acid. J. Med. Chem. 17: 326±330

Matherly, L. H., Seither, R. L., Goldman, I. D. (1987)
Metabolism of the diaminoantifolates: biosynthesis and
pharmacology of the 7-hydroxyl and polyglutamyl metabo-
lites of methotrexate and related antifolates. Pharmacol.
Ther. 35: 27±56

Rashidi, M. R., Smith, J. A., Clarke, S. E., Beedham, C. (1994)
Involvement of rat and guinea-pig aldehyde oxidase in the in
vitro conversion of famciclovir to penciclovir. Br. J. Clin.
Pharmacol. 38: 160P

Skipper, H. E., Schmidt, L. H. (1962) A manual on quantitative
drug evaluation in experimental tumor systems. 1. Back-
ground, description of criteria, and presentation of quanti-
tative therapeutic data on various classes of drugs obtained
in diverse experimental tumor systems. Cancer Chemother.
Rep. 17: 1±143

Vere Hodge, R. A., Suttan, D., Boyd, M. R., Harnden, M. R.,
Harvest, R. L. (1989) Selection of an oral prodrug (BRL42810;
famciclovir) for the antiherbes virus agent BRL 39123 [9-4-
hydroxy-3 hydroxymethyl-but-1-yl]guanine; penciclovir.
Antimicrob. Agents Chemother. 33: 1765±1773

Winograd, B., Lippens, R. J. J., Oosterbaan, M. J. M., Dirks,
M. J. M., Vree, T. B., Van der Klein, E. (1986) Renal
excretion and pharmacokinetics of methotrexate and 7-
hydroxymethotrexate following a 24-hr high dose infusion
of methotrexate in children. Br. J. Clin. Pharmacol. 30: 231±
238

418 C. GERALDINE M. JORDAN ET AL


