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Abstract

To improve the oral absorbability of phenytoin (DPH), prodrugs of DPH with a small acyl substituent,
N-carboethoxy- and N-carboisopropoxy-DPH (PT-1 and PT-2, respectively), were synthesized and bioavailabilities of
them were evaluated after oral administration in rats, compared to that of DPH dosed. The prodrugs were rapidly
hydrolyzed in the intestinal fluid, intestinal mucosa, liver homogenates and plasma of rats, the plasma giving the
highest hydrolytic activity. Two different eliminations of DPH, slow and rapid, were observed after intravenous and
oral administrations of prodrugs. The bioavailabilities of DPH after oral administration at a dose of 25 mg/kg of
PT-1 and PT-2 (DPH equivalent), increased to approximately 8.5- and 6.0-fold for PT-1 and PT-2 (rapid elimination
group) or 3.0- and 3.0-fold (slow elimination group), respectively, compared to those after dosing of DPH. The
plasma levels of DPH converted from PT-2 dosed were lower, but more sustained in slow elimination groups than
those from PT-1. The normalized AUC values after oral dosing of prodrugs at a dose of 50 mg/kg were increased
dramatically, compared to those at a dose of 25 mg/kg, suggesting non-linear clearance at a high dose. In order to
clarify the mechanism for preponderance of intestinal absorption of the prodrugs, concentrations of parent drug and
prodrug were measured in intestinal mucosa after a single oral dosing of 50 mg/kg (DPH equivalent). Upon the
administration of PT-1 and PT-2, greater amounts of DPH, in comparison with those after dosing of DPH, and small
amounts of intact prodrugs were detected in the duodenal and jejunal mucosa. These data indicated that these
prodrugs was subjected to the extensive intestinal absorption compared to DPH, giving comparatively high plasma
levels. Therefore, PT-1 and PT-2 will be useful prodrugs as an orally applicable form. In particular, PT-2 seems to
serve as a benign prodrug with the intention of improving the absorption of DPH. © 1998 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Phenytoin (DPH), which is one of the most
effective anti-convulsants (Merritt and Putnam,
1938), is still used extensively in the therapy of
epilepsy. However, DPH shows great variations in
bioavailability following oral administration to
patients, because of its poor water-solubility
(Buchthal, 1972; Stella et al., 1985). Thus, im-
provement of intestinal absorption of DPH is
needed to control seizures adequately. Many wa-
ter-soluble prodrugs of DPH have been synthe-
sized to develop the potential oral and parenteral
applicable forms (Arnold et al., 1970; Bansal et al.,
1981a,b; Varia et al., 1984) and it is shown that
DPH levels from intramuscular administration of
the prodrug were far superior to those generated
from sodium DPH similarly administered (Varia
and Stella, 1984). On the other hand, DPH-lipid
conjugates as the prodrugs have been evaluated on
the bioavailability and anti-convulsant activity
compared with the parent drug (Scriba et al.,
1995a,b,c). Administration of these conjugates re-
sulted in a 4-fold increase of the area under the
plasma concentration-time curves (AUC) of DPH
with no changes in the half-life and the effective
anti-convulsant activity (Scriba et al., 1995b). On
the other hand, manufacturing attempts have been
also made to improve the bioavailability of DPH
based on enhancing its absorption with surfactants
such as deoxycholate and glycholate (Sekikawa et
al., 1978; Yakou et al., 1986; Suzuki et al., 1990),
in which DPH bioavailability and the dissolution
rate in intestinal lumens were greater than those
for the water-soluble prodrugs and DPH sodium
(Arnold and Gerber, 1970; Varia et al., 1984;
Suzuki et al., 1990). However, Sugiyama et al.
(1997) demonstrated that bile salts and fatty acids
(20 mM) caused remarkable damage to the small
and/or large intestinal membranes. Thus, it has
often been difficult to overcome the drawbacks in
intestinal tracts as an oral dosage form.

There are some reports about structure–activity
relationships of DPH derivatives. Nakamura et al.
(1970) published that the presence of substituents
at 1-position of the hydantoin ring decreased the
original activity and that only DPH derivatives
with modifications at the 3-position could be easily

synthesized without significantly affecting the area
that is relevant for the pharmacological activity of
central nervous system (Nakamura et al., 1965). In
our previous studies, the derivatives with high
lipophilic (2-propyl-pentanoyl and pentanoyl)
groups were found to reduce the permeability
through intestine when compared to DPH and to
rapidly clear from plasma when administered in-
travenously and orally to rats (Ogiso et al., 1993).
The findings mentioned above led us to develop a
class of ester prodrugs with a small acyl molecular
substituent at the 3-position, in attempt to im-
prove the poor bioavailability of DPH. A prodrug,
5,5-diphenyl-N-carboethoxyhydantoin (PT-1),
was already synthesized by Nakamura et al.
(1970), but no pharmacokinetics has been re-
ported.

The purpose of the present study is to assess: (1)
the effectiveness of the prodrugs as an oral appli-
cable form based on the bioavailability; (2) the
amounts of DPH and prodrugs distributed into
the small intestine, with the intention of improving
the absorbability of DPH; and (3) hydrolytic char-
acteristics of the prodrugs to DPH in various rat
tissues, the plasma, liver, intestinal mucosa and
intestinal fluid.

2. Materials and methods

2.1. Materials

DPH was purchased from Nacalai Tesque (Ky-
oto, Japan). Ethoxycarbonyl chloride and iso-
propyl chloroformate were obtained from Tokyo
Chemical Industry (Tokyo, Japan) and Aldrich
(Milwaukee, WI), respectively. Acemethacin and
flunitrazepam as internal standards for high per-
formance liquid chromatography (HPLC), were
generous gifts of Kowa (Nagoya, Japan) and Eisai
Pharmaceutical (Tokyo, Japan), respectively. All
other chemicals used were of reagent grade or
HPLC quality.

2.2. Organic synthesis of prodrugs

The chemical structures of DPH and its pro-
drugs are shown in Fig. 1.
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Fig. 1. Structures of DPH and its prodrugs.

2.2.1. 5,5-Diphenyl-N-carboethoxyhydantoin
(PT-1)

A 13.6-ml amount of ethoxycarbonyl chloride
(143 mmol) was slowly added to 30 g of DPH
(119 mmol) dissolved in the mixture of
dichloromethane (300 ml) and triethylamine (82.5
ml, 595 mmol) on an ice bath and stirred for 1 h
under chilling. The mixture was added to 10%
HCl and then the resulting product was extracted
with dichloromethane. The organic phase was
washed three times with saturated NaCl solution.
After dryness and evaporation, crude crystal was
recrystallized from ethanol. The yield was 35.5 g
(92%). Colorless prisms, mp 137–138°C. 1H-
NMR (in CDCl3): d 1.39(3H, t, J=7.0 Hz), 4.43
(2H, q, J=7.0 Hz), 6.85 (1H, br) and 7.37 (10H,
s). Elemental analysis: calcd for C18H16N2O4: C,
66.66; H, 4.97; N, 8.64. Found: C, 66.74; H, 5.08;
N, 8.66.

2.2.2. 5,5-Diphenyl-N-carboisopropoxyhydantoin
(PT-2)

PT-2 was synthesized using 19.8 ml of isopropyl
chloroformate (143 mmol) by the same method as

the synthesis of PT-1. The yield was 38.2 g (95%).
Colorless prisms, mp 129–130°C. 1H-NMR (in
CDCl3): d 1.39 (6H, d, J=6.3 Hz), 5.18 (1H,
sept., J=6.3 Hz), 6.93 (1H, br) and 7.37 (10H, s).
Elemental analysis: calcd for C19H18N2O4: C,
67.45; H, 5.36; N, 8.26. Found: C, 67.59; H, 5.38;
N, 8.54.

2.3. In 6itro enzymatic and chemical hydrolysis

Male Wistar rats (Nippon SLC, Hamamatu,
Japan), weighing 220–260 g, were fasted
overnight before sacrificed by decapitation. Lumi-
nal content of intestine was collected by washing
out whole small intestine with 20 ml of saline. The
fluid obtained was used as an intestinal fluid. The
upper part of small intestine (a 20 cm length) was
removed rapidly from the body and trimmed
away fat and omentum. The mucosa was obtained
by scraping with a slide glass. The mucosa ob-
tained was homogenized in 4 volumes of 0.9%
NaCl-10 mM phosphate buffer (pH 7.4) and cen-
trifuged at 5000 rpm for 10 min to collect the
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supernatant. The liver was perfused through the
portal vein with physiological saline to remove
blood. The minced liver were homogenized in 4
volumes of 1.15% KCl with a Potter-Elvehjem
glass homogenizer equipped with a Teflon pestle.
The resultant homogenates were centrifuged at
9000×g for 25 min. Blood was collected in hep-
arinized syringes and the plasma was separated by
centrifugation. The resulted supernatants and the
intestinal fluid were diluted with the saline-phos-
phate buffer (pH 7.4) to give 0.1 mg protein/ml,
except for plasma (0.05 mg protein/ml) and were
immediately used for experiment. The protein
concentrations were determined by the procedure
reported by Lowry et al. (1951) with bovine serum
albumin, fraction V, as a standard.

The reaction mixture consisting of the superna-
tant or suspension (1.0 ml), the prodrug solution
(1.5 mM in ethanol, 0.1 ml) and 0.1 M phosphate
buffer (pH 7.4, 0.5 ml), was incubated at 37°C. At
appropriate time intervals, a 50-m l aliquot was
withdrawn and immediately added to double vol-
umes of acetonitrile containing the internal stan-
dards (2 mg/ml). After centrifugation, an aliquot
(20–40 m l) of the supernatant was loaded onto a
HPLC column.

The chemical stability of the prodrugs was as-
sessed in 0.1 M phosphate buffer (pH 7.4) or 0.1
N HCl, at 37°C for 24 h.

2.4. Animal experiments

Male Wistar rats, weighing 220–260 g, were
used throughout this study. On the day before the
experiment, the rat jugular vein was cannulated
with a silicone tubing (Upton, 1975). For a single
oral administration, one group of the animals
were starved overnight and during the experiment
allowed water at libitum. DPH and prodrugs were
sifted by a 100-mesh sieve. The fine grains of
DPH or its prodrugs (25 and 50 mg/kg, DPH
equivalent) was administered as suspensions in
1.5% aqueous carboxymethyl cellulose in a vol-
ume of 2 ml/kg. On the other hand, DPH or its
prodrugs (20 mg/kg, DPH equivalent) was admin-
istered intravenously to another group as a solu-
tion in a mixture of saline, ethanol and propylene
glycol (4:1:5, v/v). A 0.2-ml blood sample was

collected periodically after dosing with a hep-
arinized syringe through the cannula and cen-
trifuged at 12 000 rpm for 1 min. A 50-m l aliquot
of plasma was added to double volumes of ace-
tonitrile containing the internal standard
(acemethacin, 2 mg/ml). After centrifugation and
filtration, aliquots of the supernatant were loaded
onto a HPLC column.

2.5. Intestinal tissue distribution studies

DPH or prodrugs (50 mg/kg, DPH equivalent)
was administered orally by the same method as
described above. At the indicated time (1, 3 and 7
h), rats were killed and the whole intestine was
removed. The duodenum segment was obtained
from the first 5-cm portion of the intestine close
to the stomach. The upper two-fifths from the
ligament of Treitz to the ileo-cecal junction was
utilized as the jejunal section and the remainder
was designated as the ileum segment. Intestinal
contents were removed by flushing each segment
with ice-cold 0.9% NaCl. The mucosa of segments
was scraped off with a slide glass on ice and
homogenized in a mixture of one half volume of
0.1 M KH2PO4 and 3.5 volumes of acetonitrile
including the internal standard (acemethacin, 2
mg/ml). The homogenates were centrifuged at
3000 rpm for 10 min and the supernatants were
collected. DPH and prodrugs in the supernatant
were analyzed by the HPLC method after filtra-
tion.

2.6. Analytical methodology

HPLC systems were used for quantitative anal-
ysis of DPH and its prodrugs. The analyses were
performed on an Inertsil ODS C18 column (4.6×
150 mm, 5 mm particle size, GL Sciences, Japan).
The mobile phase (methanol, acetonitrile and
0.025 M phosphate buffer (pH 7.0) (2:3:5, v/v))
was pumped at a flow rate of 1.0 ml/min at 35°C.
The detection was at 254 nm. In the hydrolytic
experiment using intestinal fluid, the mobile phase
(1:4:5, v/v) modified, was used to separate several
contaminants.
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Table 1
In vitro stability and hydrolysis of PT-1 and PT-2

PT-1 PT-2Mediumsa

Rate constant (min−1) Rate constant (min−1) Half-life (min)Half-life (min)

2.4990.06 0.16190.003bPlasma 0.27890.006 4.3290.09b

13.593.65b0.05690.017b7.6790.600.09190.007Liver homogenates
0.02090.004b 36.796.63bIntestine homogenates 0.06490.009 11.091.68
0.01490.004b 52.4915.4bIntestinal fluid 0.05690.018 14.395.95
0c0.1 N HCl 0c

0c0cpH 7.4 buffer

The results represent the mean9S.D. of three to four rats.
a The concentration of protein used was 0.1 mg/ml except for plasma (0.05 mg/ml).
b pB0.01 compared with PT-1.
c No DPH was produced in this experiment (at 37°C for 24 h).

2.7. Data analysis

In the hydrolysis experiment, the pseudo first-
order rate constant (kobs) was calculated by the
least squares fit program, MULTI (Yamaoka et
al., 1981). The data obtained were fitted to the
following equation:

kobs=
2.303

t
· log

a
a−x

where a is the initial amount of the compound
and x is the amount of DPH generated in time t.

Pharmacokinetic parameters were calculated
using the non-linear least squares regression pro-
gram, MULTI (Yamaoka et al., 1981). The
plasma concentration-time data after intravenous
(i.v.) administration were fitted to the two com-
partment open model that can be described by the
following equation:

Cp=A e−at+B e−bt

where Cp is the drug concentration at time t and
A, a, B and b are the biexponential equation
constants. The AUC up to the last sampling point
was calculated by the trapezoidal method and the
AUC beyond the last observed concentration
(Cp(t)) was extrapolated according to Cp(t)/b.
The oral bioavailability (F) was calculated from
AUC0−� of DPH after i.v. and oral administra-
tions of the parent drug and prodrug. The volume
of distribution at steady-state (Vdss) and total-
body clearance (CLtot) were calculated using

means of moment analysis (Gibaldi and Perrier,
1982). The terminal half-life (T1/2) of DPH and its
prodrugs was calculated as T1/2=0.693/b. The
area under the first moment curve (AUMC) and
the mean residence time (MRT) were calculated
by the following equations:

AUMC=
&�

0

tC dt

MRT=
AUMC
AUC

The means of all data are presented with their
S.D. Statistical analysis was performed by the
unpaired Student’s t-test, and a p value of 0.05 or
less was considered to be significant.

3. Results

3.1. In 6itro enzymatic and chemical hydrolysis of
the prodrugs

An essential requisite for prodrug effectiveness
is its ability to readily release the parent drug after
oral administration. To characterize the tissues or
organs capable of hydrolyzing the ester bond of
the prodrugs, the hydrolytic activity was esti-
mated using intestinal fluid, small intestine, liver
and plasma, which are involved in the hydrolysis.
The semi-logarithmic plots of residual prodrug
concentrations against time revealed good linear-
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Fig. 2. Time profiles of DPH concentration in plasma after i.v. administration of DPH and its prodrugs to rats. Dose: 20 mg/kg,
DPH equivalent. Triangular and circle symbols show the slow and rapid disposition of DPH from plasma, respectively; (�) and
(�), DPH alone; (�) and (�), DPH converted from prodrugs. Each value represents the mean9S.D. (n=3–4).

ity, indicating that the hydrolysis of both pro-
drugs was adequately described by pseudo first-
order kinetics. PT-1 was relatively rapidly
hydrolyzed in all samples compared with PT-2.
The plasma gave the highest hydrolytic activity
for both prodrugs when expressed by DPH mg/
min per mg protein. The pseudo first-order rate
constants calculated are summarized in Table 1.
The rank order of degradative constants (kobs)
were plasma\ liver\ intestinal mucosa\ intesti-
nal fluid. The kobs values for PT-1 in the intestinal
mucosa and fluid were approximately 3- or 4-fold
greater than those of PT-2. On the other hand,
PT-1 and PT-2 were perfectly stable in acidic and
neutral solutions without tissues up to 24 h, as
shown in Table 1.

3.2. Plasma concentration after i.6. administration

Fig. 2 shows the concentration-time profiles
after i.v. administration of DPH and its prodrugs.
No measurable concentrations of prodrugs could
be detected in the plasma, demonstrating the
rapid hydrolysis of the ester bond in plasma, as
shown in the in vitro study (Table 1). The plasma
levels of DPH after prodrug dosing declined in a

bi-exponential manner, as well as those of parent
drug. Two different eliminations of DPH, slow
and rapid, were observed in rats, as reported by
others (Colburn and Gibaldi, 1977). The kinetic
parameters calculated are summarized in Table 2.
The elimination rate (b) of terminal phase for the
rapid elimination group was two times greater
than that for the slow group, although the differ-
ence in Vdss was not observed between both
groups. The elimination patterns were similar in
both groups administered DPH and prodrugs.
Consequently, no significant difference in the ki-
netic parameters of parent drug and DPH con-
verted from prodrugs was seen after i.v. dosing.

3.3. Plasma concentration after oral
administration

The plasma levels of DPH after oral adminis-
tration of PT-1 and PT-2 at a dose of 25 mg/kg
(DPH equivalent), are depicted in comparison
with those after dosing of DPH in Fig. 3. The two
different eliminations were also observed after
oral administration. Plasma concentrations of
DPH converted from PT-1 and PT-2 were signifi-
cantly higher than those after dosing of DPH over
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Table 2
Pharmacokinetic parameters obtained from DPH plasma levels after i.v. administration of DPH, PT-1 and PT-2 to rats

DPH PT-1Parameter PT-2

Rapid Rapid SlowSlowRapid Slow

1.6490.86 3.7291.70 2.9291.12k12 (h) 3.6091.56 3.9992.799.4495.12
3.3090.925.2992.533.8091.47k21 (h) 4.2892.966.9592.34 5.0891.66

0.9290.18 1.4890.05k10 (h) 1.4390.41 1.1590.15 1.4290.07 0.8990.21
1.6090.17 0.8190.07T1/2

a (h) 0.8190.15 2.0290.38 0.8090.10 1.7490.10
23.992.4540.992.79 40.192.00AUC0−� (mg/h per ml) 22.192.2025.293.59 46.7910.9
0.8490.08 0.5090.02CLtotb (l/h per kg) 0.8190.13 0.4590.10 0.9190.10 0.4990.03

0.9590.09 0.8490.12Vdssc (l/kg) 0.8990.11 1.0990.19 1.0390.080.8190.12

Dose: 20 mg/kg, DPH equivalent. The values are expressed as the mean9S.D. (n=3–4).
a The elimination half-life (T1/2) was estimated from the terminal phase of the curve.
b,c The parameters were obtained using the moment analysis.

the time period assayed. F values for the rapid
and slow elimination groups were much greater
than those after DPH, as shown by 3–8-fold
differences in AUCs between prodrugs and DPH
dosed (Table 3).

The results of oral dosing studies clearly re-
vealed that the intestinal absorption of these pro-
drugs was much superior to that of DPH itself.
Interestingly, PT-2 apparently gave sustained
plasma levels of DPH in the slow elimination
group, but the peak levels of DPH were lower
than those after PT-1.

When dosed at a 50 mg/kg (DPH equivalent),
the plasma levels of DPH after administration of
prodrugs were also significantly higher than those
after dosing of DPH (Fig. 4). In the slow elimina-
tion group, PT-1 and PT-2 gave high steady-state
levels of DPH over the time period of 3–12 h.
The normalized AUC values after dosing of DPH
and the prodrugs at this dose were increased
significantly in both rapid and slow elimination
groups in comparison with those at a dose of 25
mg/kg (Table 4), suggesting non-linear clearance
of DPH at a high dose due to saturable oxidative
biotransformation. AUCs after administration of
PT-1 and PT-2 were consistency two times larger
than those after dosing of DPH.

3.4. Distribution to intestinal tissues

To clarify the mechanism for preponderance of
intestinal absorption of the prodrugs, concentra-

tions of parent drug and prodrug were measured
in the intestinal mucosa after a single oral dose of
50 mg/kg (DPH equivalent). The concentrations
of DPH and prodrug distributed into the duode-
num, jejunum and ileum are shown in Fig. 5, with
those after administration of DPH.

Administration of PT-1 and PT-2 significantly
enhanced the concentrations of DPH in the duo-
denum and jejunum 1–3 h after dosing. The
particular interest was that small amounts of the
prodrugs were present in the tissues in the intact
form, indicating the partial absorption of the ester
prodrug itself. The concentrations of DPH con-
verted from PT-1 were slightly higher than those
from PT-2, but not significant. On the other hand,
the relatively higher levels of PT-2 in all segments
were observed compared with those of PT-1. PT-2
was recognized in the jejunum even after 3 h of
dosing. In the ileum, there was no significant
difference in the concentrations between DPH
and the prodrugs dosed from 1 to 3 h, although
the amount of DPH generated from PT-2 was
significantly larger than that after PT-1 and DPH
at 7 h.

4. Discussion

Since DPH shows the strong pharmacological
activity and much lower side-effects than other
anti-convulsant drugs, the development of DPH
prodrugs is of particular significance for the effec-
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Fig. 3. Time profiles of DPH concentration in plasma after oral administration of DPH and its prodrugs. Dose: 25 mg/kg, DPH
equivalent. Triangular and circle symbols show the slow and rapid disposition of DPH from plasma, respectively; (�) and (�),
DPH alone; (�) and (�), DPH converted from prodrugs. Each value represents the mean9S.D. (n=3–6).

tive drug therapy. We previously reported the
pharmacokinetics (Ogiso et al., 1993) and physic-
ochemical characteristics (Ogiso et al., 1994) of
novel derivatives of DPH. Disposition of the
derivatives from plasma was 1.5–2.0-fold faster
than that of DPH when intravenously adminis-
tered to rats, the fast disposition being partly
ascribed to high binding (more than 98%) of
derivatives to rat plasma (Ogiso et al., 1994).
Additionally, we also found that extents absorbed
of the derivatives through gastrointestine were
much less than those after dosing of DPH (un-
published data). Because of the lipophilic nature
of gastrointestinal mucosal cells, suitable balance
between aqueous solubility and lipophilicity is
requisites as desirable characteristics of prodrugs.

The purpose of this study is to develop the
prodrugs of DPH capable of readily absorbing
through the intestine and hydrolyzing in the body.
Ester prodrugs, PT-1 and PT-2, used in the
present studies could be simply synthesized with
higher yields compared with other published pro-
drugs of DPH (Varia et al., 1984; Pop et al., 1986;
Scriba, 1994; Lambert et al., 1996). No intact
prodrugs were found in plasma after intravenous
administration of them (Fig. 2). This result
demonstrated the rapid conversion of the pro-
drugs to DPH in plasma (Table 1).

The present ester prodrugs showed the plasma
behavior similar to DPH itself when intravenously
administered to rats. Namely, the two different
dispositions were clearly observed in plasma as
shown in Fig. 2. In general, pharmacokinetic
parameters for DPH have been estimated without
dividing into the slow and rapid elimination
groups. However, Colburn and Gibaldi (1977)
have demonstrated that an endogenous inhibitor
is responsible for the difference in binding capa-
bility of DPH to plasma protein, resulting in two
different disappearance from plasma. As shown in
Table 2, our data was in good agreement with the
pharmacokinetic parameters (T1/2: 0.5390.07 and
2.7091.20 h) published by them. The rats were
separated according to the elimination rate con-
stants into the rapid and slow elimination groups,
which existed at the ratio of 3:2 in our study.
Thus, rapid and slow elimination groups were
separately analyzed to obtain more detailed infor-
mation on ester prodrugs as an oral applicable
form.

After a single oral administration of prodrugs
at a dose of 25 mg/kg, higher level and rapid
appearance of DPH in plasma were observed
(Fig. 3). High bioavailabilities obtained in this
study might be ascribed to increased absorption
of prodrugs. On the other hand, plasma concen-
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Table 3
Pharmacokinetic parameters obtained from DPH plasma levels after single oral administration of DPH, PT-1 and PT-2 to rats

DPH PT-1Parameter PT-2

Rapid Rapid SlowSlowRapid Slow

0.9390.14 2.4990.39T1/2
a (h) 0.8090.09 2.1890.38 0.7190.02 2.1790.32

8.8990.92f 4.1090.11Cmax
b (mg/ml) 1.3490.24 2.6990.49 7.0090.02f 4.3790.34

0.8390.241.0090f 2.2591.30Tmax
c (mg/h per ml) 1.00901.0090 2.0090

18.791.02f 37.193.34f 14.490.47f 36.492.19fAUC0−� (mg/h per ml) 2.4390.50 14.291.27
1.4990.13f 0.5890.02fAUCcorr.d (mg/h per ml) 0.1090.02 0.5790.05 0.7590.04f 1.4590.09f

2.4090.05f3.8090.27 5.4290.53MRT (h) 2.4590.39f1.6490.15 4.5590.53
67.793.56f 72.696.56f 48.291.65f 72.694.38fFe (%) 7.7191.57 24.392.15

Dose: 25 mg/kg, DPH equivalent. The values are expressed as the mean9S.D. (n=3–6).
a The elimination half-life (T1/2) was estimated from the terminal phase of the curve.
b Cmax and c Tmax were obtained from the plasma concentration-time profiles.
d Normalized AUC by dose (AUC/dose).
e F was calculated using the corresponding i.v. AUC.
f pB0.01 compared with DPH data.

tration profiles of the corresponding DPH obvi-
ously differed between PT-1 and PT-2 in slow
elimination groups. At the initial time stage, the
peak plasma levels after dosing of PT-2 were
much lower than those after PT-1, suggesting
apparently slow absorption of PT-2 compared to
PT-1 (Fig. 3). This is probably due to the slow
hydrolysis of this prodrug in the intestinal mem-
branes (Table 1 and Fig. 5). At present, a prodrug
showing slow biotransformation has been often
used to obtain sustained plasma levels of the drug
(Bialer et al., 1985; Stella et al., 1985; Badir et al.,
1991; Hadad et al., 1992). Additionally, continu-
ous absorption of drugs from intestinal tract is
necessary to obtain prolonged plasma levels
(Baldessarini et al., 1977). In hydrolysis study,
both intestinal mucosa and fluids exhibited con-
siderable difference in the hydrolytic activity be-
tween PT-1 and PT-2, in which a relatively slow
hydrolyzing capacity of PT-2 was seen (Table 1).
This is explained by the difference in the structure
of the esters. PT-2 has a branched chain and the
activities of hydrolytic enzymes would be partly
affected by the steric hindrance.

The normalized AUC values were increased
dramatically, when a high dose (50 mg/kg) of
DPH and its prodrugs was orally administered,
compared with those at a 25 mg/kg dose available
in usual experiments (Tables 3 and 4). In human,

there are many reports that the elimination of
DPH shows non-linearly disposition kinetics
(Arnold and Gerber, 1970). The non-linearity is
mainly due to a limited capacity for drug
metabolism and inhibitory effect of main metabo-
lite, 5-(p-hydroxyphenyl)-5-phenylhydantoin, on
the oxidative metabolism of DPH in liver (Gerber
et al., 1971; Borondy et al., 1972). Based on such
evidence, the ratios of AUCs at a dose of 50
mg/kg were used as an enhancement index instead
of bioavailability in Table 4. Our data indicated
that the indices of prodrugs at a 50 mg/kg dose
were 2-fold larger than those after dosing of
DPH. The data of drug distribution showed
greater amounts of DPH in intestinal tissues after
prodrug, compared with those after DPH and
small amounts of intact prodrugs in the deode-
num and jejunum, although the amount of pro-
drug in the tissues was generally higher in PT-2.
These results demonstrated that the prodrugs
dosed orally were absorbed through the intestine
much more than the parent drug itself. However,
the appreciable parts of prodrugs were converted
to DPH in the lumen and the tissues. Judging
from the in vitro hydrolysis data, prodrugs ab-
sorbed into the intestinal mucosa would be much
more than the concentrations determined. Conse-
quently, the intestinal absorption of prodrug in
the ester form is thought to be an effective mean
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Fig. 4. Time profiles of DPH concentration in plasma after oral administration of DPH and its prodrugs. Dose: 50 mg/kg, DPH
equivalent. Triangular and circle symbols show the slow and rapid disposition of DPH from plasma, respectively; (�) and (�),
DPH alone; (�) and (�), DPH converted from prodrugs. Each value represents the mean9S.D. (n=4–5).

Table 4
Pharmacokinetic parameters obtained from DPH plasma levels after single oral administration of DPH, PT-1 and PT-2 to rats

DPH PT-1Parameter PT-2

Rapid SlowRapid Slow Rapid Slow

5.0690.89 2.2990.19T1/2
a (h) 2.1390.61 6.2890.78 5.4790.522.3990.31

13.291.21f 9.3091.02f8.7790.87fCmax
b (mg/ml) 7.3890.78f5.6190.24 6.3490.65

6.6790.94 3.7590.43Tmax
c (h) 3.0090 4.5090.87 6.5091.664.3391.25

163.4917.7f67.594.95f193.098.19fAUC0−� (mg/h per ml) 67.194.18f28.091.55 96.396.01
1.3490.08f,g 3.8690.16f,g 1.3590.10f,g 3.2790.35f,gAUCcorr.d (mg/h per ml) 0.5690.03g 1.9390.12g

5.5390.24f 10.490.429.7290.42MRT (h) 5.9290.33f4.6390.28 10.390.40
1.7090.182.4190.18Indexe — — 2.4090.15 2.0090.09

Dose: 50 mg/kg, DPH equivalent. The values are expressed as the mean9S.D. (n=4–5).
a The elimination half-life (T1/2) was estimated from the terminal phase of the curve.
b,c Cmax and Tmax were obtained from the plasma concentration-time profiles.
d Normalized AUC by dose (AUC/dose).
e The enhancement index was obtained from the ratio of AUC0−�, DPH to AUC0−�, DPH produced from prodrug.
f pB0.01 compared with DPH data.
g pB0.01 compared with DPH data in Table 3.

for enhancement of absorption. The relatively
longer residence of intact PT-2 compared with
PT-1 in the intestine was due to the slow hydroly-
sis in intestinal mucosa and fluid mentioned
above. Additionally, the amounts in the tissues
would be apparent values, because the distributed
amounts of DPH and/or prodrug are derived
from their efflux and influx at the duodenum and

jejunum. But, this is not denying the fact that the
prodrugs were more effectively absorbed from the
intestine than DPH itself. Consequently, PT-2 will
be a superior prodrug more than PT-1 in respect
of the high and continuous absorption.

The anti-convulsant activity and toxicological
properties of PT-1 were already published by
Nakamura et al. (1970), without pharmacokinet-
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Fig. 5. Distribution of DPH and intact prodrug to (A) duodenum (B) jejunum and (C) ileum after oral dosing of DPH, PT-1 and
PT-2. Dose: 50 mg/kg, DPH equivalent. Each value represents the mean9S.D. (n=3–4). The small insert shows the distribution
of PT-1 and PT-2 themselves. a pB0.05 and b pB0.01 compared with DPH alone. c pB0.01 compared with PT-1 in intact form.

ics and plasma concentrations. Therefore, it is
clear that these prodrugs are pharmacologically
effective.

In conclusion, the ester prodrugs were hy-
drolyzed rapidly in rat plasma, liver, intestinal
mucosa and contents. The hydrolysis rates of
PT-2 were relatively slower than those of PT-1 in
the intestinal mucosa and fluids. After oral ad-
ministration of the prodrugs, the plasma concen-
trations of DPH converted were much higher and
partly sustained compared with those after dosing
of DPH, giving high bioavailabilities. A single
oral dose of PT-1 and PT-2 resulted in higher
levels of DPH in the small intestine than that after

DPH. Therefore, both PT-1 and PT-2 will be
more useful prodrugs as an oral applicable form.
In particular, PT-2 will be expected as a benign
prodrug capable of preventing the excessive high
plasma levels.
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