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Abstract 0 Some physicochemical properties of N-acyloxyalkyl
prodrugs of phenytoin were reported previously.1,2 It was shown that
despite their lower aqueous solubilities relative to phenytoin, these
lower-melting prodrugs with apparently disrupted crystalline structures
gave either comparable or enhanced in vitro solubility and dissolution
rate in simulated intestinal media made up of bile salts and lecithin
(SIBLM).2 The current objective was to compare the in vivo behavior
of two of these prodrugs to phenytoin in dogs and attempt to correlate
the in vitro behavior to their in vivo behavior. The oral bioavailability
of phenytoin after administration of phenytoin (1) and the selected
prodrugs, 3-pentanoyloxymethyl 5,5-diphenylhydantoin (2) and 3-oc-
tanoyloxymethyl 5,5-diphenylhydantoin (3), in fed and fasted beagle
dogs were compared to intravenously administered phenytoin. Pheny-
toin and its prodrugs showed improvement in fed-state phenytoin
bioavailability relative to the fasted state indicating that food enhanced
the delivery of phenytoin from phenytoin and its prodrugs. The
increased bioavailability in the fed state may be due to stimulation of
bile release by food and, for the prodrugs, possible catalysis of their
dissolution by lipases.3 In both, fasted and fed states, prodrugs 2
and 3 gave higher AUC values of phenytoin than the parent compound.
The enhanced bioavailability of phenytoin after oral administration were
more obvious in fed dogs. Although enhanced, AUC values of
phenytoin from the prodrugs relative to phenytoin were not statistically
different (at 95% confidence level) in fasted state, but were different
in fed state. Although the aqueous solubilities and dissolution of both
prodrugs were lower than phenytoin, dissolution of 2 and 3 was
equivalent and greater, respectively, relative to phenytoin in SIBLM.
As expected, the in vivo behavior correlated better with the in vitro
SIBLM dissolution behavior. These results indicate that aqueous
solubility per se does not adequately predict in vivo behavior.

Introduction
Phenytoin has a high melting point and poor aqueous

and lipid solubility resulting in erratic and sometimes
incomplete oral availability. The probable cause of this high
melting point is strong intermolecular hydrogen bonding
between the hydrogen atom on the N3 of one molecule and
a carbonyl oxygen of a neighboring molecule in the crystal
packing.

N-Acyloxyalkyl prodrugs of phenytoin were synthesized
to lower the melting point and alter the physicochemical
properties.1 Properties such as melting points, solubilities,
dissolution rates, and partition coefficient were reported
previously.2 Of all the prodrugs studied, two prodrugs 2
and 3 (Figure 1) showed the most interesting physicochem-

ical properties compared to phenytoin (1).2 It was shown
that the solubility and dissolution rate of the prodrugs in
a simulated bile-lecithin mixture (SIBLM) was signifi-
cantly enhanced relative to phenytoin even though their
aqueous properties were significantly inferior to phenytoin
(Table 1). These properties could not be correlated with the
respective values in water, suggesting that water solubility
could be a poor predictor of dissolution and bioavailability
in vivo. It was therefore hypothesized that this increased
solubility and dissolution rate in SIBLM should translate
to a significant improvement in bioavailability of the
prodrugs over the parent compound, phenytoin. Presented
here are the results of an in vivo oral bioavailability study
in dogs in both the fasted and fed state.

Experimental Section
Prodrugs 2 and 3 used in this study were prepared by

procedures described earlier.1 All other chemicals were of analyti-
cal grade.

Enzymatic Hydrolysis of ProdrugssThe conversion rates
of the ester prodrugs to the parent compound, phenytoin, were
studied in dog plasma. The plasma was obtained by centrifuging
fresh whole blood from a male beagle dog. Sodium ethylenediamine
tetraacetate (Na EDTA) was added as an anticoagulant. Centrifu-
gation was carried out in a Dynec I centrifuge (Beckon and
Dickinson) for 10 min at 2000 rpm. A stock solution of each
prodrug having a concentration of ∼2 mg/mL phenytoin equivalent
was prepared in acetonitrile. The plasma was equilibrated in a
water bath at 37 °C for at least 10 min before the addition of an
aliquot of the stock solution. Twenty microliters aliquot of stock
solution was added to 2 mL of plasma. All the kinetic studies were
followed to completion by monitoring the appearance of phenytoin.
At appropriate time intervals 100 µL samples were withdrawn
and added to 250 µL of acetonitrile which was then vortexed for
10-15 s. The mixture was then centrifuged at 2000 rpm for 5-10
min, and the supernatant was collected and analyzed by HPLC.
No attempt was made to correct for pH drift in plasma samples.
Conversion studies of these prodrugs in other animal species and
tissues were reported earlier.1,3
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Figure 1sThe structure of phenytoin (1) and selected prodrugs (2, 3).
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Intravenous AdministrationsFour adult male beagle dogs
(11-12.8 kg) were used in an iv administration study. The dogs
were fasted overnight prior to administration of the drug, but they
were allowed water ad libitum during the study. Each dog received
a 5.5 and 10 mg/kg phenytoin dose as sodium phenytoin (Dilantin,
Parke-Davis), and a two-week washout period was allowed be-
tween doses. The drug was injected into the femoral vein over a
period of 2-3 min. After dosing, serial venous blood samples of
1.5-2 mL were taken at appropriate time intervals from the
alternate femoral vein. The blood samples were then placed into
2 mL Vacutiners (Becton-Dickinson, Ruthford, NJ) containing 3
mg of ethylenediaminetetraacetic acid as the anticoagulant. The
samples were shaken and centrifuged for 5 min at 2000 rpm. Two
hundred microliters of the separated plasma sample was added
to 500 µL of acetonitrile and vortexed for 10-15 s and centrifuged
at 2000 rpm for 5-10 min, and the supernatant was collected and
analyzed by HPLC.

Oral AdministrationsA dog model was chosen to study the
oral bioavailability of phenytoin, 2 and 3. The same four adult
male beagle dogs used for the iv study were used for a 4 × 6
random crossover study. A two-week washout period was allowed
between dosing.

The dogs were fasted overnight prior to drug administration,
but were allowed water ad libitum during the study. The prodrugs
and phenytoin used in this study were administered without any
excipients in hard gelatin capsules which were placed in the back
of the mouth cavity. To help ensure particle size homogeneity, the
compounds were passed through a 100-mesh sieve and collected
on a 200-mesh sieve resulting in a particle size distribution range
of 149 to 74 µm.

In the case of the dogs in the fed state, the capsules were given
30 min after feeding the dogs. The food used consisted of 250 g of
dry dog food, 5 g of canned-dog food, and 12 mL of water. Once
again, the dogs were allowed water ad libitum during the study.
After dosing, the same procedures as described under the iv
administration section were followed.

HPLC Analysis of PhenytoinsReverse phase chromatogra-
phy was used for the quantitative analysis of phenytoin and its
prodrugs. A 15 cm long CPS hypersil column (i.d. 4.6 mm, particle
size 5 µm) was used. The mobile phase consisted of acetonitrile:
phosphate buffer (0.025 M, pH 6.0)/(25:75 v/v), and the samples
were detected at 214 nm by Spectroflow 757, Kratos Analytical.
The standard reference curve was obtained by spiking blank
plasma with phenytoin and then treating the samples as for the
plasma samples. Phenytoin concentration in plasma samples
obtained from the bioavailability studies were calculated from the
peak area by reference to the standard curve.

Statistical AnalysissStatistical comparison of AUC values
obtained after oral administration of phenytoin and its prodrugs
in both fed and fasted states was performed by analysis of variance
method. A posthoc Bonferroni/Dunn test was conducted using
STATVIEW 2.0 (Abacus Concepts, Inc., CA) to determine which
of the AUC values were significantly different from each other (p
< 0.0033).

Results and Discussion

Enzymatic Hydrolysis of 2 and 3 to PhenytoinsThe
enzymatic hydrolysis of the phenytoin prodrugs (2 and 3)
to phenytoin in dog plasma exhibited pseudo-first-order
kinetics. Both the prodrugs completely hydrolyzed to
phenytoin presumably by the action of plasma esterases.
The hydrolysis of the prodrugs to the parent compound is
a two-step reaction. The first step, which is rate-limiting,

involves the cleavage of the ester group resulting in the
formation of an N-hydroxymethyl phenytoin. The second
step involving the dehydroxymethylation of N-hydroxym-
ethyl phenytoin to phenytoin has been shown to be rapid
(half-life < 2 s)4 at pH 7.4 and 37 °C. The apparent first-
order rate constants for compounds 2 and 3 were found to
be 7.5 × 10-2 min-1 (t1/2 ) 9.2 min) and 0.9 × 10-2 min-1

(t1/2 ) 74.4 min), respectively. The half-lives of these
prodrugs were adequate to ensure that phenytoin would
be quantitatively produced from these prodrugs in vivo, and
that the enzymatic conversion was probably not a limiting
factor.

Following oral administration, the conversion of the
prodrugs to phenytoin could occur in presystemic tissues
such as the intestinal lumen, the brush border, the entero-
cytes, blood, liver, etc.5 It has also been shown that
prodrugs 2 and 3 undergo lipolytic cleavage by pancreatic
lipases.3 Moreover, intact prodrugs were not detected
following oral administration of the prodrugs, indicating
that the enzymatic conversion is not a limiting factor in
the absorption process after oral administration of these
prodrugs.

Intravenous Administration of Sodium Phenytoins
Figure 2 is a representative plot of plasma phenytoin
concentration versus time curve obtained after intravenous
administration of sodium phenytoin (doses 5.5 and 10 mg/
kg) to a dog. Phenytoin followed an apparent two-compart-
ment model with a rapid but short distribution phase
allowing the overall kinetics to be effectively modeled as a
one-compartment model with saturable metabolism since
the clearance and the elimination is dose-dependent.6-8

These findings were in agreement with previously reported
studies showing that phenytoin exhibited dose-dependent
kinetics in dogs.6,9 The possible cause for the dose-
dependency may be due to the capacity-limited, saturable
enzymatic conversion of phenytoin to aromatic hydroxy-
lated metabolites.10 Such a capacity-limited elimination

Table 1sProperties of Phenytoin (1) and Its Prodrugs (2 and 3) in Water and SIBLMa

compd
no.

water solubility
(M × 105)

SIBLM solubility
(M × 104)

solubility ratio
(SIBLM/water)

dissolution rateb in phosphate buffer
(× 10-11 mol/cm2/s)

dissolution rateb in SIBLM
(× 10-11 mol/cm2/s)

ratio of
dissolution rates

1 8.0 5.5 6.9 10.1 28.7 2.8
2 2.1 4.3 20.5 1.9 28.4 14.9
3 0.03 5.4 1800 0.04c 55.9 1379

a Data reproduced from previously reported work from our laboratory.2 b All the dissolution rate experiments were conducted at a rotation speed of 200 rpm.
c The dissolution rates were estimated using the Levich equation.

Figure 2sPlots of logarithm of plasma phenytoin concentrations versus time
obtained after intravenous administration of 5 mg/kg (0) and 10 mg/kg ()) of
sodium phenytoin to dog no. 4.
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process can be described by the Michaelis Menten equation.

Vm, theoretical maximum velocity of the capacity-limited
process and Km, Michaelis-Menten constant were calcu-
lated using a nonlinear, least-squares iteration of eq 1 as
reported previously by Varia et al.11 The apparent volume
of distribution (Vd) was determined as the ratio of dose
administered and C0, obtained by extrapolating the elimi-
nation phase of the plot of the logarithm of plasma
concentration versus time neglecting the short distribution
phase (see Figure 2). The area under the plasma concen-
tration versus time curves [AUC]0f∞ were calculated using
the trapezoidal rule and the apparent half-lives obtained
from the linear, terminal slopes and are given in Table 2
along with apparent Km and Vm values for each dog. The
values obtained for both Km and Vm were comparable to
that obtained by Varia et al.11

Oral Administration of PhenytoinsThe oral admin-
istration of 1-3 to the dogs in fasted and fed states was
carried out in a 4 × 6 crossover study design. Figures 3
and 4 show plots of the mean plasma concentration versus
time following the oral administration of 10 mg/kg pheny-
toin equivalent dose of 1-3 to the four dogs in both the
fasted and the fed states, respectively. The AUCs were
calculated using the trapezoidal rule. The apparent elimi-
nation half-lives of phenytoin and phenytoin from its
prodrugs after oral administration were calculated using
the linear, terminal slopes of the logarithm of plasma

phenytoin concentration versus time assuming a simple
first-order elimination model. These pharmacokinetic pa-
rameters are summarized in Table 3. The in vivo regenera-
tion of phenytoin from its prodrugs appeared to be rapid
as intact prodrugs were not detected in the plasma. On the
basis of the in vitro half-life of 3 in dog plasma (74 min),
one would expect to observe this prodrug with phenytoin
in plasma samples. The absence of prodrug in the plasma
samples perhaps suggested that the regeneration of pheny-
toin from 3 was also occurring by the lipase-catalyzed
hydrolysis in the lumen or conversion in the brush border,
enterocyctes, or liver.1,3 For example, the half-life for the
conversion of 2 and 3 to 1 in rat intestine homogenates
was been reported to be less than 2 min.1

A two-way ANOVA indicated that both the prodrugs and
food had an overall significant effect on phenytoin AUC
values. To determine which of the treatments significantly
differed from each other, a posthoc Bonferroni/Dunn test
was conducted (95% confidence interval, number of com-
parisons )15, p < 0.0033). A portion of the results which
are useful for this discussion are presented in the Table 4.
In the fasted state, the phenytoin AUC values for phenytoin
and its prodrugs were not statistically significant from each
other at the 95% confidence level. Qualitative differences
were seen, however. The phenyotin AUC values for the
dogs in the fed state were significantly different with 2 and
3, providing higher levels compared to phenytoin per se.

The ratio of [AUC]0f∞ after oral dosing to [AUC]0f∞ after
iv dosing gives an “apparent” absolute bioavailability
because the absorption rate and subsequent plasma levels
of phenytoin due to the nonlinearities in phenytoin clear-
ance. This can affect bioavailability estimates.11 Therefore,
a correction to the “apparent” absolute bioavailability was

Table 2sPharmacokinetic Properties of Phenytoin after Intravenous
Administration of Two Different Doses of Sodium Phenytoin to Four
Beagle Dogs

dog
dosea

(mg/kg)
half-life

(h)
AUC

(mg‚h/mL)
Km

(µg/mL)
Vm

(µg/mL/h)
Vd

(L/kg)

1 5.5 3.0 24.3 8.17 2.13 1.03
10 3.3 61.5 8.32 1.44 0.88

2 5.5 2.2 17.7 5.33 2.39 1.03
10 3.0 52.3 5.72 1.14 1.09

3 5.5 2.0 16.8 5.09 2.35 1.33
10 2.7 57.4 5.49 1.16 0.84

4 5.5 1.9 15.6 7.33 3.08 1.38
10 2.7 54.8 7.83 1.44 1.05

a Phenytoin dose equivalent.

Figure 3sMean plasma phenytoin concentrations in fasted dogs (n ) 4)
after oral administration of 1 (0), 2 ()), and 3 (O) at a dose of 10 mg/kg
phenytoin dose equivalent. The bars represent standard errors of the mean.

dC
dt

) -
VmC

Km + C
(1)

Figure 4sMean plasma phenytoin concentrations in fed dogs (n ) 4) after
oral administration of 1 (0), 2 ()), and 3 (O) at a dose of 10 mg/kg phenytoin
dose equivalent. The bars represent standard errors of the mean.

Table 3sApparent Phenytoin Pharmacokinetic Parameters after Oral
Administration of Phenytoin (1) and Its Prodrugs 2 and 3 to Fasted
and Fed Dogsa (n ) 4)

state compd
AUC0f∞

(µg‚h/mL)
apparent elimination

half-life (h) tmax (h)

fasted 1 8.8 (1.9) 2.5 (0.7) 2.9 (0.7)
2 20.4 (6.1) 3.1 (0.4) 2.8 (0.8)
3 17.3 (7.2) 2.9 (0.4) 2.9 (0.8)

fed 1 17.1 (4.2) 2.9 (0.4) 2.1 (0.8)
2 44.8 (11.4) 3.3 (0.4) 3.1 (1.0)
3 40.9 (10.7) 2.9 (0.3) 2.4 (0.4)

a The values shown are the mean values with their standard deviations in
parentheses.
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needed to obtain a more accurate estimate of the absolute
bioavailability. One method of calculating bioavailabilities
of drugs possessing dose-dependent elimination due to
enzyme saturation was to assume a one-compartment
model with a constant (dose-independent) volume of dis-
tribution and a capacity-limited pathway of elimination.11-13

Assuming a rapid conversion of prodrugs to phenytoin, the
rate of change of phenytoin concentration in the body after
administration of phenytoin or its prodrugs may be written
as

where ka is the apparent first-order absorption constant,
F is the fraction of the total administered dose that is
absorbed, Div is the equivalent iv dose. The true or corrected
absolute bioavailability is given as

The specific Vm and Km values for each dog were obtained
from the iv data.

The numerator of the above equation was evaluated by
applying the trapezoidal rule on VmC/(Km + C) versus time
curve between time limits t ) 0 to t ) last time point. The
contribution of the integral from the last time point to
infinity is assumed to be negligible as the concentration
at the last time point is small.

Apparent relative bioavailabilities of phenytoin after oral
administration of 2 and 3 were calculated as

where the AUC are the mean values.
Phenytoin apparent absolute bioavailability, corrected

absolute bioavailability and apparent relative bioavailabil-
ity after oral administration of phenytoin and 2 and 3 are
given in Table 5. In the fasted state, the apparent relative
bioavailability of prodrugs 2 and 3 was 2.3 and 2 times,
respectively, compared to phenytoin. In the fed state, the
apparent relative bioavailability of prodrugs 2 and 3
compared to phenytoin were 2.6 and 2.4. The corrected
absolute bioavailabilities in the fed state were found to be
84.2 ((16.5)% and 77.5 (( 22.1)%, respectively. These
values appear to be close to quantitative suggesting that

when administered in the fed state, 2 and 3 perhaps
overcome the dissolution limitations observed with pheny-
toin.

The accuracy of F depends on the accuracy of the
estimates of Km and Vm. In this study the Km and Vm values
were determined by nonlinear curve fitting of limited iv
data (only two doses). A wider range of drug dosage would
enable one to determine the Michaelis-Menten constants
with more accuracy. The purpose for presenting these
“corrected” values was simply to point out that the appar-
ent absolute bioavailabilties based on AUC comparisons
alone can lead to undersestimates of the true bioavailability
values due to the nonlinear elimination behavior of pheny-
toin. Note, as pointed earlier, the Vm, Km, and Vd values
obtained here are within the range of values reported for
phenytoin in dogs in an earlier study.11

Correlation between in Vitro Dissolution Studies
and in Vivo BioavailabilitysThe larger AUC values in
the fed state were found to be significantly different from
those in fasted state from 2 and 3. In the fasted state, the
AUC values for phenytoin and its prodrugs were not
statistically significant from each other at the 95% confi-
dence level. However, the AUC values in the fed state were
significantly different.

On the basis of solubility and dissolution characteristics
in water alone, 2 and especially 3 were expected to give a
lower bioavailability relative to the parent compound.2 A
portion of the results published previously are reproduced
in Table 1 for the present discussion. It was obvious from
the bioavailability studies that the in vitro dissolution
studies in water do not predict the in vivo results. If the
dissolution and solubility characteristics in SIBLM were
considered, the prodrugs were expected to give higher or
equivalent bioavailabilities with respect to the parent
compound, phenytoin. In the fed state, the contents of
gastrointestinal tract (GIT) will be influenced by the
byproducts of food digestion as well as an increased level
of bile acids, lecithin, and the lipase/colipase complex. The
ratio of dissolution rate of all the compounds in SIBLM to
that in water indicates the probable sensitivity of these
compounds to changes in the GIT contents. On the basis
of the ratio of the dissolution rates in SIBLM to those in
water, the bioavailability of phenytoin from 2 and 3 were
expected to be much more sensitive to changes in the GIT
content than phenytoin itself. This was consistent with the
in vivo observation that the bioavailabilities of phenytoin
from 2 and 3 were qualitatively superior to phenytoin in
the fasted state, and that the differences were quantita-
tively superior in the fed state animals. When administered
in fed state, the prodrugs appeared to have overcome
dissolution rate limitations as the corrected absolute bio-
availabilities were close to 100%.

Table 4sMultiple Comparison of AUCs after Oral Administration of
Phenytoin (1) and Its Prodrugs 2 and 3 to Fasted and Fed Dogsa

Using Posthoc Bonferroni/Dunn Test

comparison
between treatments

significanceb

(95% confidence, p < 0.0033)c

1 (fasted), 1 (fed) NS
2 (fasted), 2 (fed) S
3 (fasted), 3 (fed) S
1 (fasted), 2 (fasted) NS
1 (fasted), 3 (fasted) NS
1 (fed), 2 (fed) S
1 (fed), 3 (fed) S

a The values shown are the mean values with their standard deviations in
parentheses (n ) 4). b S means significantly different and NS means
significantly different. c A total of 15 comparisons were conducted at a 95%
confidence level making. p < 0.05/15 ) 0.0033.

dC
dt

)
kaFDiv exp(-kat)

Vd
-

VmC

(Km + C)
(2)

F )
(∫0

∞ VmC
Km + C

dt)
(Div

Vd
)

(3)

Fapp,rel )
[AUC]prodrug

0f∞

[AUC]phenytoin
0f∞ (4)

Table 5sCalculated Percent Bioavailabilities of Phenytoin after Oral
Administration of Phenytoin (1) and Its Prodrugs 2 and 3 to Beagle
Dogsa (n ) 4)

state compd
apparent absolute
% bioavailabilityb

apparent relative
% bioavailabilityc

corrected absolute
% bioavailabilityd

fasted 1 15.5 (3.3) 100 21.0 (6.9)
2 36.5 (11.9) 232 44.2 (16.2)
3 30.7 (13.5) 197 40.7 (19.8)

fed 1 30.4 (4.2) 100 37.8 (9.3)
2 79.0 (11.4) 262 84.2 (16.5)
3 73.0 (22.4) 239 77.5 (22.1)

a The values shown are mean values with standard deviations in the
parentheses. b Apparent absolute bioavailability was calculated as [AUC]0f∞,oral/
[AUC]0f∞,iv. c Equation 4. d Equation 3.
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The reasons for the altered bioavailability of orally
administered drugs in the fed state have been described
earlier.14,15 The most plausible explanation for the effect
of food on the bioavailability of phenytoin from phenytoin
and phenytoin from its two prodrugs was that the dissolu-
tion rates of the drugs may be increased due to the food-
induced stimulation of bile flow.14,16

This enhanced dissolution rate in the presence of food
may be the reason for the improved bioavailability observed
after oral administration of several lipophilic drugs such
as danazol,17 itracanazole,18 phytonadione,19 5-methoxy-
psoralen.20 The importance of physiologically relevant
dissolution media in predicting the effect of food on the oral
bioavailability of poorly soluble drugs has been emphasized
in a recent review.21 From the present study, it was clear
that the inferior aqueous solubilities of 2 and 3 do not have
as great an influence on their in vivo behavior, while their
relative behavior in the presence of SIBLM reasonably
predicted their in vivo behavior.

Conclusions
Despite possessing poor aqueous solubilities, prodrugs

2 and 3 showed superior qualitative bioavailability of
phenytoin relative to phenytoin in the fasted state and a
significant enhancement in the fed state. Physicochemical
properties such as aqueous dissolution rate or aqueous
solubility did not correlate with the in vivo performance
in this homologous prodrug series. The in vitro dissolution
rates correlated better with the in vivo results when
SIBLM was used as the dissolution medium.
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