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A B S T RA C T An increase in folate catabolism has
been suggested as the cause of the folate deficiency
observed in many clinical conditions, including
chronic anticonvulsant therapy.

Previous studies have shown that the radioactive
catabolites, excreted after an equilibration period of
3 d, consisted exclusively of folates that had been
cleaved to produce pteridines and p-aminobenzoylglu-
tamate, most of which was excreted as acetamidoben-
zoylglutamate. We have developed an experimental
animal model using mice to determine the rate of catab-
olism of [3H]pteroylglutamate (folic acid) by the quan-
titative estimation of [3H] p-aminobenzoylglutamate
and [3H]acetamidobenzoylglutamate in urine. Admin-
istration of diphenylhydantoin at three different doses
(0.5, 20, and 50 mg/kg) significantly increased the rate
of catabolism as measured by an increase in both the
mean daily excretion and the cumulative excretion of
these catabolites. Administration of intramuscular
phenobarbitone on the other hand, did not affect the
rate of catabolism, when compared with controls.

INTRODUCTION

Whereas folate deficiency is a well-recognized feature
of chronic anticonvulsant therapy (1-3), the mecha-
nism by which this happens is still controversial. Mal-
absorption of folate has been reported to occur (4-6)
but has not been confirmed (7-11).

The fact that anticonvulsant drugs are known to in-
duce hepatic enzymes (12, 13) has led to a further
series of hypotheses. First, Richens and Waters (14)
have suggested that folate deficiency may arise by in-
duction of the enzymes involved in folate metabolism.
Second, Maxwell et al. (15) proposed that it might be
a result of an increase in the demand for the folate
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coenzymes required, either for anticonvulsant drug hy-
droxylation or for other hepatic enzymes induced by
these drugs.

Increased catabolism of folate has also been sug-
gested as the cause of the folate deficiency observed
in many other clinical conditions, such as pregnancy,
malignancy, hemolytic anaemia, and inflammatory dis-
ease (16).

Until recently the mechanism of folate catabolism
was not known, and it was therefore not possible to
confirm or refute the above-mentioned hypothesis. A
number of studies in rats have shown that a tracer dose
of high specific activity [3H]pteroylglutamate (PteGlu)1
becomes fully equilibrated into the tissue folate poly-
glutamate pools after periods of 2 or 3 d (17). With such
a tracer dose to label the endogenous pools we have
recently elucidated the mechanism of folate catabolism
in the rat (18), and have shown that it proceeds via
cleavage of the C9-N10 bond of the molecule to yield
pteridines, which are retained by the liver and released
slowly (19), and p-aminobenzoylglutamate (pABGlu),
most of which is first acetylated to produce acetamido-
benzoylglutamate (ApABGlu) and then rapidly ex-
creted in the urine (18). In the 1st 3 d after adminis-
tration of labeled PteGlu, i.e., during the equilibration
of the tracer dose, a complex mixture of folate deriva-
tives is found in the urine (18, 20-25). After this time,
however, only cleaved folate catabolites are found in
the urine (20). Thus, because after equilibration each
molecule of [3H]PteGlu that is catabolized produces
a molecule of either [3H]pABGlu or [3H]ApABGlu, it
seems reasonable to suggest that the measurement of
these two radioactive catabolites would be proportional
to the rate of catabolism. These catabolites can only be
quantitatively measured when hydrolyzed to p-amino-
benzoic acid (pAB) (26). With this technique, we have
developed an experimental animal model to measure

I Abbreviations used in this paper: ApABGlu, acetamido-
benzoylglutamate; pAB, p-aminobenzoic acid; pABGlu, p-
aminobenzoylglutamate; PteGlu, pteroylglutamate.
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the rate of folate catabolism by the quantitative estima-
tion of these two catabolites in urine. This model was
then used to investigate the effects of anticonvulsant
therapy on the catabolic rate.

NI ET HODS

Radiochemicals. 3',5',9( tl )[3H]Folic acid (PteGlu) was
supplied by The Radiochemical Centre, Amersham, U. K. Spe-
cific activity varied from 93 to 110 mCi/mg depending on the
batch used. [3H]pAB (100% pure) was prepared by the same
company by tritium gas exchange with halogenated pAB and
had a specific activity 20 mCi/mg. [3H]Hexadecane with a
2.17 ,tCi/mg sp act and chromium [5tCr]EDTA with a 700
,Ci/mg sp act of chromium were also supplied by the Radio-
chemical Centre. [2-14C]PteGlu potassium salt, 130 ,Ci/mg sp
act, was also supplied by The Radiochemical Centre. p-Amino
14[CO2H]benzoic acid, 0.3 mCi/mg sp act, was purchased from
ICN Pharmaceuticals, Isotope and Nuclear Division, Irvine,
Calif.

Antico,wvulsant drugs. Diphenylhydantoin (phenytoin)
suitable for injection was supplied by Parke, Davis & Co.,
Pontypool, U. K., and phenobarbitone sodium was supplied
by May and Baker Ltd., Dagenham, U. K.

Animlals and treatinetnt. NMale andl female Laca mice that
weighed _20 g were given a single intraperitoneal injection of
4 ,uCi of [3H]PteGlu and 5 nCi of [51CrIEDTA. In any par-
ticular experiment either all males or all females were used.
After administration of the radioactive dose, mice were ran-
domly assigned to metabolic cages in groups of five, and their
urines were collected daily for 10 or 14 d. Each group of mice
then received a daily injection for 10 or 14 d. Control mice
received 100 Al of saline intramiiuscularly for the length of
the experiment.

(a) Group A consisted of two cages of five mice in each
group. Treated mice received 0.01 mg/mouse (-0.5 mg/kg)
diphenylhvdantoin intramuscularly for 14 d. (b) Group B con-
sisted of one cage of five mice in each group. Treated mice
received 0.4 mg/mouse (_20 mg/kg) diphenylhydantoin per
mouse intraperitoneallv for 10 d. This is considered a thera-
peutic anticonvulsant dosage for mice (27). (c) Group C con-
sisted of two cages of five mice in each group. Diphenylhy-
dantoin-treated mice receivedl 1.0 mg/mouse (-50 mg/kg) in-
tramuscularly for 10 d; phenobarbitone-treated mice received
0.6 mg/mouse (_30 ing/kg) intramuscularly for 10 d. All in-
jections were administered in sterile salinie except for pheno-
barbitone which was administered in distilled water. No other
carriers were added. All groups of mice were kept in similar
conditions and fed identical folate-replete diets ad libitum.

Estimation of [51Cr]EDTA. Urinary excretion of [51Cr]-
EDTAwas estimated on1 days 1 and 2 by direct counting of
urine in a Nuclear-Chicago automatic gamimilla counter (Nu-
clear-Chicago Corp., Des Plaines, Ill.). Because 90% of the
administered [51Cr]EDTA is excreted within 24 h in humans
(28), it was felt that measurement of this isotope would mon-
itor the completeness of both injection and collection tech-
niques. In a control series of experiments, urinary recovery
of intraperitoneally administered [51Cr]EDTA was 77-82%;
this range was used for reference.

Development of a method for estimationi of [3H]pABG1u
and [3H]ApABGlu. A method for the hydrolysis of all folate
derivatives to pAB and its subsequent estimation has been
devisecl (26). After hydrolysis in 10 M of KOHfor 90 mnii at
120°C and 15 lb/in2, 100% of the folate derivatives were con-
verted to pAB when analyzed by chromatography on QAE
A25 Sephadex (Pharmacia Fine Chemicals, Inc., Piscataway,
N. J.) ancl the Bratton and Marshall techniqlue (29). The pAB

was then extracted with diethylether in which it was highly
soluble at pH 3.75. Each sample was extracted three times
with 5 ml of diethylether, the ether evaporated to dryness,
and then the sample was reconstituted with 1 ml of distilled
water and 10 ml toluene Triton X-100 (Rohm and Haas Co.,
Philadelphia, Pa.). The efficiency of this procedure was found
to be between 85 and 87% with [14C]pAB in recovery experi-
ments (26). When this technique was repeated with [3H]pAB,
only 23-30% of the added radioactivity was retrieved. It was
felt that this implied adsorption of tritium label to the glass
vials during evaporation, with consequent decreased count-
ing efficiency, rather than failure to extract added [3H]pAB.
Preliminary attempts to prevent adsorption of tritium by using
plastic vials, and by evaporating the diethylether over dis-
tilled water were unsuccessful. However, reproducible results
were obtained when the diethylether was added directly to
the scintillation fluid. In a control series of experiments, addi-
tion of 5 ml of diethylether to 10 ml of toluene:2,5-diphenyl-
oxazole scintillation fluid caused radioactive quenching of 6-
18%. When the diethylether was allowed to evaporate from
the fluid before estimation, (quenching was reduced to 0.5-
7.0%. Using this procedure to extract known quantities of [3H]-
pAB from urine, the mean efficiency was 76%, quenching
being assessed with [3H]hexadecane as the internal standard.

A further test of this method was performed. Known quan-
tities of [3H]PteGlu were added to urine, hydrolyzed, and the
subsequent [3H]pAB was extracted as described. Quenching
in control andl extracted samples was estimated with [3H]hexa-
(lecanie as anl internal standard. A total of 36 extractions were
performed in batches of six. For each batch examined, the
mean percentage of radioactivitv retrieved varied from 25 to
31% with an overall mean of 27.6±4.1 (SEM). In the batch
of [3H]PteGlu used, 35% of the tritium labeled the 3',5'-posi-
tions and was therefore available as [3H]pAB (30). This implied
that a mean of 79% of the available [3H]pAB was extracted.

It was important to ensure that [3H]pteridines cleaved dur-
ing alkaline hydrolysis were not also estimated by this method
(Fig. 1). Samiiples of urine that contained known quantities
of [2-14C]PteGlu labeled on the 2-position of the molecule
(Fig. 1) were hydrolyzed and extracted as described. The
radioactivitv retrieved was at background level, representing
0.3% of the addlecd [2-'4C]PteGlu. Clearly, the pteridline moiety
was not estimiiatedl by this method.

Experimtienital procedlure. Quadruplicate samples of urine
were hy drolyzed in 10 N1 KOHfor 90 min at 120°C and 15 lb/in2.
Samiiples were then acljuste(l to pH 3.75 with concentrated
HCI, andcl the ['H]pAB presenit was extracted as described.
The radioactivity present was estimated, and quenehing was
assessed with [3'Hlhexadecane as an internal standard. To
assess reprodulcibility of the procedure, two control samples
which conitainied known (quantities of [3H]PteGlu were as-
sayed \vith each batch of experimental samples.

Estimzation of total raldioactivitiJ. Total excreted radioac-
tivitv was determiiined by (lirect estimation of 100 Al of urine
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in toluene:Triton X-100 scintillation fluid (31) with a Packard
liquid scintillation counter (Packard Instrument Co., Downers
Grove, Ill.).

Column chromatography. Analysis of the folate catabo-
lites in mouse urine was performed on QAE.A25 anion ex-
change resin (Pharmacia Inc., Uppsala, Sweden) as previously
described (18, 20).

Statistical methods. The significance of the difference be-
tween mean daily excretion and cumulative excretion of [3H]-
pAB catabolites in control and treated groups was de-
termined (32).

RESULTS

Animals. There was an initial weight loss of 1-2
g/mouse in all groups when they were placed in the
metabolic cages. This stabilized once they became ad-
justed. There was no significant difference in dietary
and fluid intake, or urinary output or weight loss de-
tected in any of the groups.

Excretion of [5'Cr]EDTA. Excretion of [5'Cr]EDTA
in a typical experiment was 72% over 24 h in the con-
trol group; 68% in diphenylhydantoin group A; 78%
in group B; 70% in group C; and 74% in the pheno-
barbitone group, which implies that injection and col-
lection techniques were comparable in all groups.

Effect of urinary metabolites. To ensure that the
urinary metabolites of diphenylhydantoin (5-[p-hy-
droxyphenyl]-5-phenylhydantoin) or metabolites of
phenobarbitone (p-hydroxy-phenobarbitone) did not
interfere with the extraction procedure, known quan-
tities of [3H]PteGlu were added to urine from groups
of control and anticonvulsant-treated mice. Samples
were hydrolyzed, and the subsequent [3H]pAB was ex-
tracted as described. No difference between the per-
centage of radioactivity retrieved in the three groups
was detectable.

Comparison of total excreted radioactivity on a
daily basis in control, diphenylhydantoin-, and pheno-
barbitone-treated mice. Total excreted radioactivity
was highest in the 1st 3 d in all groups, stabilizing
after this time to an almost constant, although slightly
diminishing, level. In a typical experiment there was
no significant difference between diphenylhydantoin-
treated groups and controls or phenobarbitone-treated
mice in the 1st 3 d (Table I). However, on each subse-
quent day there was a statistically significant difference
between the diphenylhydantoin-treated mice and the
controls and phenobarbitone-treated mice.

Further analysis of this data was performed to pro-
duce a comparison of the mean daily excretion after
day 3. Mean daily excretion for each of the groups
after day 3 was: group A: controls: 6.0+0.3 x 104 cpm
(SEM), diphenylhydantoin-treated: 7.3+0.4 x 104 cpm
(SEM) (P < 0.001); group B: controls: 5.1±0.1 x 104
cpm (SEM), diphenylhydantoin-treated 7.5+0.2 x 104
cpm (SEM) (P < 0.001); group C: controls: 10±0.2
X 104 cpm (SEM), diphenylhydantoin-treated: 17+0.3

TABLE I
Effect of Anticonvulsant Therapy in a Typical Experiment

on Total Excreted Radioactivity after Administration
of 4 ,uCi [3H]PteGlu

Total radioactivity excreted*

Treated with Treated with
0.6 mg of 1.0 mg of

Day Control mice phenoharbitone diphenylhydantoin

cpm

1 30.1+0.3 x 105t 23+0.2 x 10,5 38+0.1 x 105t
2 3.5+0.2 x 105t 3.8±0.1 x 105t 3.2±0.1 x 105t
3 2.2+0.4 x 105t 2.5±0.1 x 1054 3.2±0.2 x 105t
4 1.4+0.3 x 105 1.2±0.2 x 105§ 2.2±0.2 x 1051
5 1.3+0.1 x 105 1.1+0.1 x 105§ 2.1+0.2 x 1051
6 1.1±+0.15 x 105 1.1±+0.2 x 1055 2.7±0.1 x 1051
7 0.9+0.05 x 105 0.9+0.15 x 105§ 2.5±0.2 x 1051
8 0.85±0.05 x 105 0.8+0.1 x 105§ 1.9+0.2 x 1051
9 0.92±0.1 x 105 0.5±0.1 x 1055 1.9±0.2 x 1051

10 0.80+0.2 x 105 0.4+0.05 x 105§ 1.6±0.2 x 1051

Data pooled from two cages of five mice in each group.
* Mean+SEM.
t P > 1.0 significance between the means in all three groups.
§ P > 1.0 significance between control and phenobarbitone-
treated groups.
P< 0.001 significance of the difference between the in-

dividual daily means in the diphenylhydantoin-treated group
and controls and phenobarbitone-treated animals.

X 104 cpm (SEM) (P < 0.001); phenobarbitone-treated:
8.4+0.2 x 104 cpm (SEM) (P > 1.0).

The variation in excretion between the different
groups is because the proportion of the tritium label
on the pAB part of the molecule which differs be-
tween the batches of [3H]PteGlu used. However, the
same batch was used for both control and treated groups
in each study.

Comparison of [3H]pAB-excreted radioactivity on a
daily basis in control, diphenylhydantoin-, and
phenobarbitone-treated mice. Estimation of these
catabolites in the 1st 3 d was similar in all treated
groups when compared with controls and pheno-
barbitone-treated groups (Fig. 2). After the 4th d how-
ever, radioactive excretion settled to an almost con-
stant level. There was a definite increase in ex-
cretion of these catabolites in all treated groups
when compared with controls or phenobarbitone-
treated animals (Fig. 2). Mean daily excretion in the
various groups was: group A: controls: 1.4±0.2 x 104
cpm (SEM), diphenylhydantoin-treated: 1.9+0.2 x 104
cpm (SEM) (P < 0.001); group B: controls: 1.5±0.3
x 104 cpm (SEM), diphenylhydantoin-treated 2.7±0.3
x 104 cpm (SEM) (P < 0.001); group C: controls: 2.05
±0.4 x 104 cpm (SEM), diphenylhydantoin-treated:
3.98±0.6 x 104 cpm (SEM) (P < 0.001); phenobarbi-
tone-treated: 2.04±0.3 x 104 cpm (SEM) (P > 1.0).
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FIGURE 2 The effect of the anticonvulsant drugs diphenyl-
hydantoin and phenobarbitone on the rate of folate catabolism
in mice. The catabolic rate was determined in each instance
by hydrolyzing the various folate catabolites excreted each
day in the urine to produce pAB which was then extracted
and estimated. Each mouse was given 4 ,uCi [3H]PteGlu fol-

-\ lowed by daily injections of anticonvulsant drugs. (A) Group
Ql |WAconsisted of two cages of five mice in each group: (0), con-

"2, 5 trol mice, 100 ,ul of saline i.m. daily for 10 d; (V), treated mice,
0.01 mg of diphenylhydantoin i.m. daily for 14 d. (B) Group
B consisted of one cage of five mice in each group: (-), con-

>\ trol; (V), 0.4 mg of diphenylhydantoin i.p. daily for 10 d. (C)
O \\ Group C consisted of two cages of five mice in each group:
.2 (0), control; (V), 1.0 mg of diphenylhydantoin i.m. daily for

cti \ L10 d; (V), 0.6 mg of phenobarbitone i.m. daily for 10 d. *P
zc 5 < 0.01 and **P < 0.001 significance of difference between

daily means of diphenylhydantoin-treated mice and control
or phenobarbitone-treated mice.

There was no significant difference between the
daily mean excretion of [3H]pAB catabolites when cal-

2 10'4 culated individually for each day in group A. It was not
possible to calculate this difference for group B because
there were only two samples for comparison. However,
the significance between the individual daily means

l_________ _ in group C varied from P < 0.01 to <0.001 when com-
0 5 10 pared with controls and phenobarbitone-treated groups

Time in days (Fig. 2C).
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Comparison of cumulative excretion of both total
and [3H]pAB radioactivity in controls, diphenyl-
hydantoin-, and phenobarbitone-treated mice. Cu-
mulative excretion of both total and [3H]pAB radio-
activity was calculated for the 1st 3 d and then for the
subsequent days of the experiment for each group.

There was no statistical difference between the
cumulative excretion in either total or [3H]pAB radio-
activity in the 1st 3 d in any of the treated groups
when compared with control or phenobarbitone-
treated animals (Table II). However, there was a sta-
tistically significant increase in the cumulative excre-
tion of both total and [3H]pAB radioactivity noted from
during day 4-14 in group A and 4-10 in groups B and
C (Table II) in all diphenylhydantoin-treated groups
when compared with controls and phenobarbitone-
treated animals (Table II).

To relate these results to the total dose of [3H]PteGlu
administered, the mean percentage of excreted dose
was calculated and is given in Table II.

Chromatographic analysis of mouse urines. The
results clearly indicate that diphenylhydantoin causes
an increase in total radioactive excretion after day
3 (Table I) and also that this is a result of [3H]pAB-
containing metabolites (Fig. 2). To preclude the possi-
bility that these increases were not in fact a result of
increased catabolism but to diphenylhydantoin-medi-
ated release of intact folates, a series of chromato-
graphic studies were undertaken. Urines from both
control and diphenylhydantoin-treated animals were

analyzed by column chromatography as previously de-
scribed (18, 20). As previously reported in the rat,
urines from the initial 3 d showed the presence of
intact folates, while after that time only radioactive
pteridines or [3H]ApABGlu or [3H]pABGlu could be
detected in either controls or treated animals.

DISCUSSION

Folate catabolites are excreted in the urine in trace
amounts which are undetectable by any form of chemi-
cal assay. Because the excreted folates are inactive,
they cannot be determined by microbiological assay.
However, by using PteGlu of sufficiently high specific
activity, it is possible to follow the rate of catabolism
without disturbing the folate balance within the animal
(17, 18). During the course of catabolism the folate
molecules are cleaved into pteridines and pABGlu.
The synthesis of high specific activity [3H]PteGlu is
such that it distributes the radioactivity within the
original molecule in such a way that both sets of catabo-
lites are labeled after cleavage (18, 30) (Fig. 1). In addi-
tion, it has now become apparent that initial estimates
showing that only a small proportion of 3H was attached
to the pteridine were inaccurate (30) and that as much
as 25% of the label resides at C7. Previous studies in
this laboratory have qualitatively analyzed the daily
excreted folates after injection of [3H]PteGlu in rats
(20). The pteridine catabolites are retained by the liver
and excreted slowly whereas most of the pABGlu is

TABLE II
Effect of Anticonvulsant Therapy on Cumulative Excretion of Radioactivity after

Administration of 4 itCi [3H]PteGlu*

0-3 d 4-14 d (A) and 4-10 d (B + C)

Total Total
radioactivity [3H]pAB radioactivity [3H]pAB

Radioactivity cpm x 105

Group A
Control 39+0.1 (59)t 8.6+0.1 (13) 6.0+0.1 (9) 1.3+0.2 (1.9)
Diphenylhydantoin (0.01 mg) 37+0.1 (57) 9.8±+0.1 (15) 7.4 +0. 1(1 1) § 2.1 +0.1 (2.7)5

Group B
Control 39+0.1 (46) 13+0.6 (20) 3.6+0.1 (6) 0.99±0.5 (1.5)
Diphenylhydantoin (0.4 mg) 28±0.1 (42) 11±0.3 (17) 5.8±0.2 (9)§ 1.8±0.3 (2.8)5

Group C
Control 36±0.2 (43) 6.3±0.4 (6.3) 7.2±0.2 (9) 1.4±0.1 (1.7)
Diphenylhydantoin (1.0 mg) 44±0.2 (53) 7.1±0.2 (7.1) 12.0±0.2 (18)§ 2.7±0.2 (3.3)§
Phenobarbitone (0.6 mg) 29±0.1 (35) 5.0±0.3 (6.1) 6.1±0.2 (7) 1.4±0.2 (1.6)

Groups A and C represent two cages of five mice in each group. Group B represents one cage of five mice
only in each group.
* Mean±SEM.
t The percentages of dose administered are shown in parentheses.
§ P < 0.001 significance of the difference between diphenylhydantoin-treated mice and control or pheno-
barbitone-treated mice.
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acetylated to form ApABGlu which is then excreted
rapidly (19). Thus, because of the greatly varying re-
tention of the different radioactive folate cataboLites
it is not possible to simply measure total radioactive
excretion as an index of catabolic rate. Qualitative
analysis of rat urine has shown that whereas there is
initial excretion of both intact and cleaved folates, after
the 3rd d, only [3H]pteridines, [3H]pABGlu, and [3H]-
ApABGlu are found (20). The analysis performed in this
study has confirmed that the pattern of excretion in
mouse urine is essentially similar.

It therefore seems reasonable to suggest that meas-
urement of [3H]pABGlu and [3H]ApABGlu from the
4th d onward could be used to estimate the catabolic
rate.

By using controled conditions we have devised a
chemical procedure whereby the various folate catab-
olites are treated so as to give one molecule of pAB
for each molecule of catabolized folate present. The
pAB so produced is then extracted into an organic
solvent, concentrated, and estimated. Control experi-
ments with samples of the originally injected [3H]-
PteGlu are carried out simultaneously to ensure repro-
ducibility. The completeness of the injection and col-
lection procedures was monitored with [5'Cr]EDTA.

Estimations of both total radioactivity and [3H]pAB
were highest in the 1st 3 d in all experiments. Radio-
activity diminished steadily after this time to an almost
constant, although slightly reducing, level over the next
10 d (Table I; Fig. 2). In most experiments, counts were
too low after the 10th d for accurate estimation of
[3H]pAB, and the experiments were discontinued.

The rapid excretion of urinary radioactivity in the
1st 3 d coincides with the complex pattern of intact and
cleaved folates reported by many studies (18, 20-25).
It also coincides with the many studies that have shown
that a proportion of a tracer dose of high specific activity
[3H]PteGlu becomes fully equilibrated into tissue poly-
glutamates over the same period (17). For these reasons
it is likely that the radioactivity measured in the 1st 3 d
represents excretion of excess or partially metabolized
[3H]PteGlu during equilibration with the tissue pool.
This is further supported by the finding that estimations
of [3H]pAB catabolites, total radioactivity, and the per-
centage of excreted dose are similar in all experiments
for this time period.

From the 3rd d onward, however, when only
cleaved products are found in the urine, the urinary
radioactivity stabilized to an almost constant level. This
finding is compatible with the theory that it is a result of
regular excretion of small amounts of catabolized [3H]-
PteGlu. The extraction method described above meas-
ures only [3H]pAB-containing catabolites; radioactive
pteridines, which will be present in variable and sub-
stantial amounts (20), will not be estimated. Whereas
estimations up to the 3rd d will include molecules

of intact as well as cleaved folate, after this time,
as only cleaved products are present (20), it will only
measure either [3H]pABGlu or [3H]ApABGlu. Because
each of these catabolites represents a molecule of
cleaved folate, their combined measurement gives a
quantitative estimation of the urinary excretion of ra-
dioactive folate catabolites. We feel that estimation of
[3H]pAB, derived from urinary [3H]pABGlu and [3H]-
ApABGlu from day 4 on represents measurement of
catabolism.

These data are compatible with earlier studies which
suggested that there is more than one pool of body
folate (33-35): a "newly absorbed" pool which has a
short biological half-life and a tissue pool which has a
longer half-life.

The effect of diphenylhydantoin was investigated at
three different doses: a very low dose, which was con-
siderably less than the therapeutic dose (1/40); a thera-
peutic dose; and a higher than therapeutic dose (27).
It is probably not possible to compare these dosages
with human dose regimes by merely correcting for
weight and volume because the species difference
may be important. Nevertheless, the effect of diphenyl-
hydantoin was observed at all three doses, even the
exceptionally low dose. There was no effect on the
rapid urinary excretion of radioactivity in the 1st 3 d.
From the 4th d onward, there was a definite increase
in both daily (Table I) and cumulative excretion of
total radioactivity (Table II) and of [3H]pAB (Fig. 2;
Table II), which was most obvious at the highest dosage
of diphenylhydantoin.

It is interesting to note that this increased excretion
of folate catabolites was only observed at a time when
cleaved products were maximal in the urine. This
would suggest that diphenylhydantoin increased the
quantity of catabolites excreted from the second folate
metabolic pool. It is unlikely that this alteration in ex-
cretion could be caused by changes in diet alone be-
cause both control and treated animals were main-
tained on identical diets under similar conditions. It is
also improbable that it is simply a result of increased
excretion of intact folate, because, in this case one
would expect an effect in the 1st 3 d as well. Further-
more, the qualitative analysis of the urine showed that
there was no difference in the pattern of catabolites
excreted in treated and control mice, both urines con-
taining cleaved products from the 3rd d onwards. A fur-
ther alternative is that diphenylhydantoin might in-
duce rapid cellular or renal clearance of the metabo-
lites. However, it has been our experience in other
studies involving the measurement of acetylation of
pABGlu that this compound and its acetylated counter-
part are excreted within a matter of hours. This is in
accordance with a large body of literature showing sim-
ilar clearance rates for similar compounds (36). Further-
more, if any alteration in clearance rate did occur on an
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hourly or daily basis then it seems likely that it would
be corrected for when the accumulated results of sev-
eral days were considered. It is clear from Table II
that when the cumulative excretions of days 4-10 were
considered for each group that a statistically significant
increase in excretion of catabolites was seen in the
diphenylhydantoin groups when compared with con-
trol or phenobarbitone groups.

To prove that this alteration in catabolic rate was not
a transient one, efforts were made to prolong the length
of the experiment. This was not possible in experi-
ments involving groups B and C because there was in-
sufficient radioactivity in the urine after the 10th d for
accurate estimation. However, in group A it was possi-
ble to continue for 14 d and the effect of diphenylhy-
dantoin was maintained for this length of time. It was
not possible to calculate the effect this increased ex-
cretion of folate catabolites might have had on the total
body folate stores except to comment that all doses
of diphenylhydantoin caused an 80- 100% increase in
excretion when compared with control and phenobar-
bitone-treated animals. It seems likely, considering the
suggested long half-life of the tissue folate pool (33-
35), that such increased turnover might lead to the in-
creased incidence of folate deficiency observed in pa-
tients on long-term diphenylhydantoin treatment (1-3).

Administration of phenobarbitone had no significant
effect on the rate of folate catabolism when compared
with controls. This observation concurs with the clini-
cal impression that folate deficiency is more common
during therapy with diphenylhydantoin than with
phenobarbitone (1, 37).

The mechanism for diphenylhydantoin-induced
catabolism, however, is not clear. Because both the
anticonvulsant drugs investigated induce hepatic en-
zymes equivalently (12, 13) this appears unlikely to be
the mechanism as previously suggested (14, 15). It is,
of course, possible that diphenylhydantoin induces a
specific enzyme, either folate dependent or nonspecifi-
cally related, that phenobarbitone does not. Alterna-
tively, it is possible that they have entirely different
mechanisms of action as demonstrated in their effects
on calcium and vitamin D metabolism (38). Perhaps
a more attractive explanation lies in the known chemi-
cal instability of the folate coenzymes. It is easy to
imagine a wide range of possibilities from alteration
of the environment within cells to accumulation of
more labile forms, which could readily lead to marked
increases and their destruction.

These results conflict with those of Krumdieck et al.
(35). While working with a single patient they found
diphenylhydantoin increased excretion of newly ab-
sorbed PteGlu but did not increase catabolism. How-
ever, these workers used [2-14C]PteGlu which upon
catabolism produces a labeled pteridine only, which
has been found to be further metabolized to produce

several different pteridines which are retained by the
liver for prolonged periods (19). This retention may
obscure the clear increase in the catabolic rate effected
by diphenylhydantoin (Fig. 2) which was observed
when the rapidly excreted catabolites ApABGlu and
pABGlu were measured.
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