
REFERENCES 
( I )  S. A. Varia, S. Schuller. K. B. Sloan, and V. J. Stella, J. Pharm. Sci., 

73, 1068 (1984). 
(2) V. Stella, T. Higuchi, A. Hussain, and J .  Truelove, in “Prodrugs as  

Novel Drug Delivery Systems,” T. Higuchi and V. Stella, Eds., American 
Chemical Society Symposium Series # 14. 1975, pp. 154- 183. 

(3) K. Arnold, N. Gerber, and G. Levy, Can. J .  Pharm. Sci., 5, 89 
(1970). 

(4) M. Johansen and H. Bundgaard, Arch. Pharm. Chem., Sci. Ed., 7, 
175 (1979). 

(5) H. Bundgaard and M. Johansen, Int. J .  Pharm., 5.67 (1980). 
( 6 )  D. W. Newton and R. B. Kluza, Am. J. Hosp. Pharm., 37, 1647 

(7) A. A. Frost and R. G. Pearson, in  “Kinetics and Mechanism,” 2nd 

(8) V. J .  Stella, J. Pharm. Sci., 66, 1510 (1977). 
(9) T. C. Bruice. T. H.  Fife, J. J. Bruno, and N .  E. Brandon, Biochem- 

(10) A. J. Kirby and G .  J .  Lloyd, J .  Chem. Soc., Perkin I / .  1976,1748. 
(1 1) T. Higuchi, A. Havinga. and L. W. Bum, J .  Am. Pharm. Assoc., Sci. 

(12) M. Johansen and H. Bundgaard, Arch. Pharm. Chem., Sci. Ed. ,  9, 

(13) P. Y. Bruice and H. G. Mautner, J .  Am. Chem. Soc., 95, 1582 

(1980). 

ed.. Wiley, New York, N.Y., 1960, p. 28. 

istry, 1, 7 (1 962). 

Ed., 39,405 (1950). 

43 (1981). 

(1973). 

(14) T. C. Bruice andS.  J. Benkovic, J. Am. Chem. SOC., 85, I (1963). 
(IS) J. P. Patel and A. J. Repta, Int. J. Pharm., 9.29 (I 98 1 ). 
(16) S. S. Minor and R. L. Schowen, J. Am. Chem. Soc., 95, 2279 

(17) M. D. Jocstcn and L. J. Schaad, “Hydrogen Bonding,” Dekker, New 

(18) G. L. Flynn and D. J. Lamb, J .  Pharm. Sci., 59, 1433 (1970). 
(1 9) T. 0. Oesterling and E. L. Rowe. J. Pharm. Sci . ,  59, 175 (1 970). 
(20) J. Kumamotoand F. H. Westheimer,J. Am. Chem. SOC., 77,2515 

(21) C. A. Bunton, D. R. Llewellyn, K. G. Oldham, and C. A. Vernon, J. 

(22) W. W. Butcher and F. H. Westheimer, J. Am. Chem. Soc., 77,2420 

(23) M. C. Bailley. Bull. SOC. Chim. France, 9,340 (1942). 
(24) A. Desjobert, Bull. SOC. Chim. France, 14,809 (1947). 
(25) S. A. Varia and V. J. Stella, J. Pharm. Sci., 73, 1080 (1984). 
(26) S. A. Varia and V. J. Stella, J. Pharm. Sci.,  73, 1087 (1984). 

(1973). 

York, N.Y., 1974.chap. 5, pp. 253-279. 

(1955). 

Chem. SOC., 1958,3574. 

(1955). 

ACKNOWLEDGMENTS 

The paper is adapted in part from a dissertation submitted by S. A. Varia 
to The University of Kansas in partial fulfillment of the Doctor of Philosophy 
degree requirements. This work was supported in part by INTERx Research 
Corp., a subsidiary of Merck Sharp & Dohme. 

Phenytoin Prodrugs V: In Viuo Evaluation of Some 
Water-Soluble Phenytoin Prodrugs in Dogs 

S. A. VARIA* and V. J. STELLAX 
Received December 22, 1982, from the Department of Pharmaceutical Chemistry, School ofPharmacy, The University of Kansas, Lawrence, KS 
66045. *Present address: Squibb Institute for Medical Research, New Brunswick, NJ  08903. Accepted for publication September 6, 1983. 

Abstract 0 Phenytoin bioavailability was evaluated in beagle dogs after oral 
and intravenous administrations of sodium phcnytoin and two amino acyl 
esters and a disodium phosphate ester of 3-(hydroxymethyl)phenytoin (three 
prodrugs of phenytoin). Phenytoin displayed nonlinear pharmacokinetics in 
the dogs, complicating thc determination of the absolute bioavailability of 
phenytoin from sodium phenytoin and the prodrugs. All threc prodrugs es- 
sentially released phenytoin after intravenous administration in a quantitative 
manner, and all gave plasma levels of phenytoin after oral administration 
greater than those found after administration of sodium phenytoin. Based on 
the behavior in dogs and the earlier determination of the physicochemical 
properties of the prodrugs, it was concluded that one of the amino acyl esters, 
3-(hydroxymethyl)-S,S-diphenylhydantoin N,N-dirnethylglycine ester 
methanesulfonate, would be the most useful prodrug for oral administration, 
while 3-( hydroxyrnethyl)-5.5-diphenylhydantoin disodium phosphate ester 
would be the most useful for parenteral administration. 

Keyphrases 0 Prodrugs-phenytoin, bioavailability, dogs 0 Phenytoin- 
hydroxymethyl esters, prodrugs, bioavailability, dogs 0 Bioavailability- 
phenytoin prodrugs, dogs 

Phenytoin ( I ) ,  because of its weakly acid nature (1-4) and 
poor aqueous solubility (3-9 ,  shows erratic absorption pat- 
terns after oral administration of either the sodium salt (Ia) 
or the free acid in both humans (6-19) and dogs (20, 21). 
Sodium phenytoin (la) in the parenteral dosage form is haz- 
ardous if rapidly injected intravenously (22,23), and the free 
acid appears to precipitate at intramuscular injection sites 
(24-29), leading to prolonged and marginal phenytoin re- 
lease. 

In the previous papers in this series ( 5 ,  30), a number of 
water-soluble prodrugs of phenytoin were evaluated with re- 

spect to their physicochemical properties (e.g., solubility and 
stability), their cleavage to phenytoin in animal tissues, and 
their anticonvulsant activity in mice. Based on those studies, 
three of the prodrugs, 3-(hydroxymethyl)-5,5-diphenylhy- 
dantoin N,N-dimethylglycine ester methanesulfonate (II)l, 
3-(hydroxymethyl)-5,5-diphenylhydantoin N,N-dimethyl- 
aminoethyl carbonate methanesulfonate ( I I I ) l ,  and 3-(hy- 
droxymethyl)-5,5-diphenylhydantoin disodium phosphate 

C6H5 

c 6 H 5 ‘ t f  C6HS 

“ N Y N H  0 

1 
0 
la 

HNKCH20R 0 

t 
II: R = -COCH2NH   CHI)^ CHiSO3- + 

III: R = -C02(CtI2)2NH(CH3)2 C H J S O ~ -  
I V  R = -PO3*- Na2+ 

’ Compounds 11, 111. and IV are equivalent to IV,  VI,  and VII, respectively, in p a p s  
I l l  and 1V in thisseries. 
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MINUTES 

ester (1V)I were chosen for further evaluation in the beagle 
dog. 

Compounds I1 and 111 were evaluated as possible oral-de- 
livery forms of phenytoin because of their aqueous solubility 
(-1 50 mg/mL), pK, values (6.60 and 8.20, respectively), and 
because they are readily cleaved enzymatically to phenytoin. 
However, the chemical stability of I1 and 111 indicated that 
there could be some difficulty in preparing suitably stable in- 
jectable dosage forms (30). Ester IV was chosen primarily as 
a parenteral candidate but was also evaluated for oral delivery 
of phenytoin, since recent evidence has suggested that dexa- 
methasone phosphate quantitatively releases dexamethasone 
after oral dosing (31). Beagle dogs were chosen for this study 
because of their ease of handling and because phenytoin has 
been shown to be marginally bioavailable in dogs (20, 21), 
probably because of their short GI transit times (20). Dogs, 
therefore, may be a good model for pediatric patients, where 
phenytoin absorption has been shown to be particularly erratic 
(10, 19). 

EXPERIMENTAL SECTION 

Prodrugs 11-IV were analytically pure and were prepared as previously 
described ( 5 ) .  Phenytoin and sodium phenytoin were obtained from a com- 
mercial source2. 

Gas chromatographic Analysis of Phenytok-Venous whole blood obtained 
from dogs was immediately centrifuged for 15-20 min at  IOOOXg and plasma 
was collected. In the case of 11 and 111, a 100-pL plasma sample was imme- 
diately treated with 100 pL of a IWO metaphosphoric acid solution and assayed 
for phcnytoin by GC according to the method of Stella (32). A second plasma 
sample was allowed to stand at  37°C for >1-2 h and then was assayed as  
described above. Any I 1  or 111 in dog plasma is cleaved to phenytoin during 
this period ( 5 ) .  This procedure allowed for the analysis of phenytoin (first 
sample) and phenytoin plus prodrug (second sample), whereby prodrug 
concentration could be determined by difference. None of the samples (after 
both oral and parenteral dosings), contained any significant levels of I I  or 
111. 

The procedure for I V  was modified. The first plasma sample was not 
quenched with metaphosphoric acid, but was extracted into toluene, the first 
step in  preparation for the GC assay. The second plasma sample was diluted 
with 100pLof IW~amylase~,  maintainedat 37'Covernight,and then assayed 
for phenytoin as described above. Only in the case of the 5-15-min samples 
were any levels of 1V detectable after intravenous administration of IV; IV 
could not be detected after oral dosing. 

Oral and Intravenous Evaluation Studies in --Four adult female beagle 
dogs, ranging in weight from 8 to 13 kg, were used for two crossover studies 
employing a Latin-square design. The intravenous and oral studies were 
carried out according to Table 1. Each dog received 15-mg/kg (phenytoin 
equivalent) doses of sodium phenytoin, 11,111, and IV orally and intravenously. 
The dogs were fasted overnight prior to drug administration, but were allowed 
water ad libitum. The dogs were rested for at least I week between 
studies. 

Sigma Chemical Co.. St. Louis, Mo. 
Diatase orclarase, a phosphatase enzyme preparation, was found to cleave IV with 

a half-life of < I  h; lisher Scientific Co., Fair Lawn, N.J. 

Figure 1-Plasma levels of phenyroin in dog 
20 following oral administration of la ( M), 
I 1  (m), 111 (A). and I V ( 0 )  in capsuleform. 
Doses (phenyroin equivalents) were 1.5 
mglkg. 

For the intravenous study, fresh aqueous solutions of 11, 111, and I V  were 
used. Phenytoin was administered intravenously as the sodium salt in a solvent 
system of propylene glycol-alcohol-water (4:1:5). The pH of this solution was 
adjusted to -I 1.5-12.0 with sodium hydroxide. The injection volumes ranged 
from 2 -3.5 mL and were administered into the leg vein over a period of 1-2 
min. 

In the oral study the compounds were administered in hard gelatin capsules 
without any excipients. After administering the compound, sufficient water 
to guarantee that the capsule had been swallowed (100-200 mL) was ad- 
ministered. The dogs were then returned to their respective cages. 

After administration of the drug, serial venous blood samples were taken 
at  appropriate times from the neck vein. The samples were withdrawn into 
2-ml containers4 containing 3 mg of EDTA. The blood samples were imme- 
diately centrifuged, and the separated plasma samples were analyzed for 
phenytoin and prodrug as described earlier. 

Dose-Dependent Pharmacokinetics in Dogs-The evaluation of plasma 
concentration time curves of phenytoin, after administration of sodium 
phenytoin and the prodrugs of phenytoin at 15 mg/kg (phenytoin equivalents), 
suggested that phenytoin at a dose of 15 mg/kg displayed nonlinear phar- 
macokinetics. To confirm this, dogs 20 and 2 I ,  used in the 15-mg/kg study, 
were each administered lO-mg/kg and 6.6- or 5.5-mg/kg (phenytoin equiv- 
alent) doses of sodium phenytoin intravenously; plasma samples were assayed 
for phenytoin as described earlier. 

RESULTS AND DISCUSSION 

Figure 1 is a representative plot of the plasma phenytoin concentration 
versus time obtained after oral administrations of 15-mg/kg (phenytoin 
equivalent) doses of sodium phenytoin ( la)  and 11-IV to dog 20. Dog 22 
consistently rejected 111, and hence, data for 111 for that particular dog could 
not be obtained. The areas under the plasma phenytoin concentration versus 
timecurves (AUC;) after oral administration of la  and 11-IV were evaluated 
by the trapezoidal method (33) (Table 11). Statistical analysis by one-way 
ANOVA showed that there was significant difference (p < 0.05) between 
the mean AUC," values obtained after oral administration of the prodrugs 
and the mean A U G  obtained after oral administration of sodium phenytoin 
(la). However, there was no significant difference (p >0.05) in the mean 
AUC,' values between the prodrugs. Figures 2 and 3 show two representative 
plots of the plasma phenytoin concentration versus time after intravenous 
administration of the prodrugs and sodium phenytoin todogs 19 and 20. Dogs 
21 and 22 were not administered the intravenous injection of 111, since the 
compound was observed to cause pain and toxic manifestations in dogs 19 and 
20. Intravenous administration of 111 to dog 20 appeared to be incomplete, 
since pain and swelling around the injection site suggested that some of the 
dose may not have been placed directly in the vein. 

Prodrugs Il-IV, on oral administration, produced higher plasma phenytoin 
levels than the levels obtained after oral administration of la. The poor 
availability of phenytoin from la  was probably due to the precipitation of 
phenytoin acid in the acidic environment of the stomach as well as the poor 
dosage form used, i.e., sodium phenytoin in a hard gelatin capsule. Phenytoin 
has a low aqueous solubility and, thus, the slow and incomplete redissolution 
probably results in low plasma levels of phenytoin. 

The primary purpose of the intravenous and oral administration of the 
prodrugs to the beagle dogs was to determine (a) if the prodrugs quantitatively 
released phenytoin and ( b )  the extent of absorption of phenytoin from the 
prodrugs on oral administration. Such an evaluation of the prodrugs of 
phenytoin is difficult since the elimination kinetics of phenytoin may be 

' Vacutainers, No. 6496; Becton. Dickinson and Co., Rutherford. N.J 
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Table I-Intravenous a d  Oral Studies Using a Latin-Square Design 
Carried out in Beagle Dogs 

~ ~~ 

Experiment Dog 19 Dog 20 Dog21 Dog22 

Intravenous 
1 
2 
3 
4 

Oral 
5 
6 

111' IV la  I I  
I1 l l l b  IV la 
la  I1 I I I C  IV 

IV l a  I I  I l l C  

la  I1 IV II ld  
111 la I1  IV 

7 IV 111 la  II  
8 I1 IV 111 la 

* R o d u d  mere toxic reactions in thedog includingsalivation.dilatation of the pupils, 
and hypotension. Appeared to cause severe pain on administration, thus resulting in  
incomplete administration of the dwe. Not administered due to toxicity seen in Ex- 
periments I and 2. Dog 22 rejected 111 three times. Further attempts to administer Il l  
orally to dog 22 were therefore terminated. 

nonlinear (34,35), probably due to the saturation of the enzyme system re- 
sponsible for the metabolism of phenytoin to 5-p-hydroxyphenyl-5-phen- 
ylhydantoin (36). Dayton et al. (34) and Frey and Loseher (35) have shown 
that phenytoin exhibits dose-dependent kinetics in the dog. It was reported 
(35) that after intravenous administration of 20. 10, and 5 mg/kg (phenytoin 
equivalents) of l a  to dogs, the apparent elimination half-life of phenytoin 
decreased from 11.2 to 6.1 to 4.3 h, respectively. A plot of the logarithm of 
the plasma phenytoin concentration versus time was curvilinear a t  the three 
doses studied. Such a curvilinear plot is typical of drugs with Michaelis- 
Menten kinetics with a capacity-limited pathway of elimination or for drugs 
exhibiting product inhibition (37-41). In the present study, the nonlinear 
behavior of phenytoin in the beagle dog is apparent from the curvilinear shape 
observed in the plot of the logarithm of the plasma phenytoin concentration 
versus time obtained after intravenous administration of a 15-mg/kg 
(phenytoin equivalent) dose of la  (Fig. 4). 

In its simplest form, the pharmacokinetic model in Scheme I can be pro- 
posed for phenytoin and its prodrugs. Since phenytoin seems to exhibit non- 
linear elimination kinetics in the dog (34.35) at  a dose of 15 mg/kg (phenytoin 
equivalents) of either la or the prodrug, quantitation of the extent of conversion 
of the prodrugs to phenytoin is difficult. This is because the elimination rate 
and the clearance of phenytoin (and thus the area under the plasma phenytoin 
concentration versus time profiles) depends on its input rate. This, in turn, 
depends on either the absorption rate of the prodrug after oral dosing and/or 
the metabolic conversion rate of the prodrug to phenytoin. 

To  confirm the nonlinear behavior of phenytoin in the beagle dog, a phar- 
macokinetic study involving variation of the dose of Ia was carried out in dogs 
20 and 21. Dog 20 was administered 15-, lo-, and 6.6-mg/kg (phenytoin 
equivalent) doses of l a  intravenously and dog 21 was administered 15-, lo-, 
and 5.5-mg/kg (phenytoin equivalent) doses of Ia intravenously. The AUC; 
values obtained after intravenous administration of the different doses of l a  
were determined by the trapezoidal method. A plot of the AUG- values versus 
the dose is shown in Fig. 5 .  The plot shows that the relationship between A U G  
and the dose is nonlinear. In the case of drugs obeying linear pharmacokinetics, 

18 

12 

10 :b 

Prodrug Excreted 
Intact  or as a 
Non- roductive 
Metagolite 

Prodrug in 
Blood a n d  
Tissues 

i 
I 

I Metabolic 

Tissues 

Metabolism 

Elimination 

Incomplete 
Absorption in 
Case of Oral 
Administration 

Scheme I 

the AUC; obtained after intravenous administration of the drug is directly 
proportional to the intravenous dose: 

where Di, is the intravenous dose and CL is the total body clearance of the 
drug. Thus, the AUC; would increase proportionately with dose if the 
clearance remains constant. The elimination half-life of the drug should also 
be independent of the dose for drugs obeying linear pharmacokinetics. Hence, 
the nonlinear relationship between A U G  versus dose and the increase in the 
apparent elimination half-life with increasing dose observed in this study 
(Table Ill) confirms the dose dependency and nonlinear behavior of phenytoin 
in the current study. 

The absolute bioavailability of drugs (or prodrugs) exhibiting linear 
pharmacokinetics is normally determined by calculating the ratioof the A U G  
of the parent drug obtained after oral administration of the'drug (or prodrug) 
and the A U G  obtained after intravenous administration of the parent drug 
(33). Also, the availability of the parent drug after intravenous administration 
of a prodrug could be determined by calculating the ratio of the A U G  values 
obtained after intravenous administration of the prodrug and those obtained 
after intravenous administration of an equivalent dose of the parent drug. 
Table IV summarizes the A U G  values. calculated by the trapezoidal method, 
of the plasma phenytoin concentration versus time profiles obtained after 
intravenous administration of molar equivalent doses of l a  and 11-IV. If 
phenytoin did exhibit linear pharmacokinetics, then the ratio of the A U G  
obtained after intravenous administration of the prodrugs and the AUC; 
obtained after intravenous administration of Ia (Table V)  would give the extent 
of conversion of the prodrugs to phenytoin. Similarly, the ratio of the A U G  
values obtained after oral administration of the prodrug and those obtained 

Figure 2-Plots of rhe plasma phenytoin 
concentrations versus time obtained after 
intravenous administration of l a  (e), I1 (m), 
111 (0). and W(A) todog 19. Doses (phen- 
ytoin equivalents) were I5 mg/kg. 
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Figure 3-Plots of the plasma phenytoin 
concentrations versus time obtained ajier 
intravenous administration of la (a), I1 (m), 
and I V (A) to dog 20. Doses (phenytoin 
equivalents) were I S  mglkg. 

MINUTES 

after intravenous administration of la (Table VI) would give the absolute 
bioavailability of the prodrugs. However, since phenytoin exhibits nonlinear 
behavior, the ratios summarized in Tables V and V1 are only apparent values 
sf the bioavailabilities of the prodrugs compared with la. 

To determine the bioavailabilities of the prodrugs, the model shown in 
Scheme I I  is proposed, representing a one-compartment model. Although 
phenytoin does exhibit two-compartmental behavior, the distribution phase 
in the dog is insignificant; most authorsS (35,42,43), therefore, describe the 
kinetics of phenytoin according to a one-compartment model6. According to 
the model, elimination of phenytoin. after an intravenous or oral dose D ,  is 
assumed to occur by a capacity-limited process. It will be assumed that the 
capacity-limited process, described by the Michaelis-Menten equation for 
a one-enzyme reaction, is applicable to phenytoin elimination in the dog. 

The values of V,, K,. and Vd obtained are shown in Tablc V11. Figures 
6 and 7 show the semilogarithmic plots of the plasma phenytoin concentration 
versus time in dogs 20 and 21, respectively, after administration of the three 
different doses of la; the solid lines were computer-gcneratcd from Eq. 2 using 
the individual V,,, and K,,, values determined at  the different doses. The solid 
lines in Fig. 4 are the theoretical lines obtained using Eq. 3 and the mean V,,, 
and K ,  values shown in Table VII. 

To determine the true bioavailability of the prodrugs in dogs 20 and 21, the 
method described by Martis and Levy (39) and Jusko et al. (38) for calculating 
the bioavailability of drugs exhibiting dose-dependent elimination due to 
enzyme saturation was employcd. The method assumes a one-compartment 
pharmacokinetic system with a constant volume ofdistribution and a capac- 
ity-limited pathway of elimination. The volume of distribution of phenytoin, 
shown in Table VII. is practically constant. Following oral administration of 

Scheme I1 

Following intravenous administration of a dose (QY) of phenytoin, the 
differential equation describing the concentration of phenytoin a t  any time 
t in the body is: 

where V ,  is thc theoretical maximum velocity per unit volume of distribution 
of the capacity-limited proccss (and in the present case has the units of 
pg/mL/min) and K ,  represents the Michaclis-Menten constant (and has 
the units of concentration. pg/mL). Numerical values of V, and K ,  for dogs 
20 and 21 were obtained by nonlinear least-squares iteration of the integrated 
form of Eq. 2, i.e.: 

(Eq. 3) 

using the SIMPLEX program; data was obtained at three different intrave- 
nous doses of sodium phenytoin. CI is the first plasma phcnytoin concentration 
point chosen by inspection in the elimination phase at time t I .  

The volume of distribution, Vd (really Vd extrapolated) was obtained 
from: 

CI - C +  K , .  In (Cl/C) = V,(t - t I )  

where CO is the time zero plasma phcnytoin concentration, determined by back 
extrapolation of the climination phase of the plasma phenytoin concentration 
versus time profile obtained after intravenous administration of la. 

D. F. Kowalcryk, unpublished results. 
The differences in AUC-0 values between assumin a distribution phase and disre- 

garding the distribution phase is only 0.5 and 3.8% in fogs 20 and 21, respectively, for 
the I S-mg/kg data. 

0.8 

0.6 

V." 

100 200 300 400 500 600 700 8QO 
MINUTES 

Figure 4-Semilogarithmic'plots of plasma phenytoin concentrations versus 
time afier an intravenous dose of I5 mglkg (phenyroin equivalents) of sodium 
phenytoin to dog 20 (0) and dog 21 (8) .  (-) theoretical line using mean 
V, and K, values. 
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Tible 11-Area under the Plasma Phenytoin Concentration versus Time Curve After Or81 Administration of a Dose Equivalent to IS mg/kg of Phenytoin 

AUC,', pg-min/mLa 
Compound Dog 19 Dog 20 Dog 21 Dog 22 Mean f SD 

Ia 
11 

376 
2569 

668 
3724 

921 
2915 

659 
2576 

656 i 222 
2961 i 543 

111 3306 4438 1869 -6 3204 i 1287c 
IV 1714 2065 4190 2151 2530 f 1123 

Calculated uia the trapezoidal method. Compound 111 was rejected three t i m a  by dog 22. Mean obtained from results of 3 dogs. 

the prodrugs and la, the rate of change of phenytoin concentration in the body 
can be expressed by: 

dC - kaFDi&-Ka' V,C -- -- 
dt Vd K ,  + C 

where k. is the first-order absorption rate constant and F represents the 
fraction of the dose absorbed. Di, is the intravenous dose, and this is equal to 
the oral dose, i.e., I5 mg/kg. The rate of elimination of phenytoin from the 
body after oral administration is given by: 

-)(2=- 1 dA V,C 
Vd dt K , + C  

where A, is the amount of phenytoin eliminated at  any time I .  If the total 
amount of drug eliminated is equal to the amount absorbed, then: 

where Dora! is the oral dose. However, from Eq. 6: 

Combining Eqs. 7 and 8, the following equality is obtained: 

Vd s dt = FD,,,l 
o K , + C  

Dividing Eq. 9 by the intravenous dose, Di,, gives: 

Div 

(Eq. 7) 

(Eq. 9) 

Since equivalent doses are administered intravenously and orally, Eq. 10 re- 
duces to: 

where F is the corrected bioavailability. Equation 1 1  can also be used to de- 
termine the availability of phenytoin after an intravenous dose of the prodrug 
relative to an equivalent intravenous dose of Ia. 

Toobtain the numerator of kQ. 1 1 ,  the area under the plot of V,,,C/(K, + 
C )  versus time from zero to the last time point ( t ~ )  was determined by the 
trapezoidal method (33). The concentration at the last time p i n t  in the plasma 

Table 111-Apparent Elimination Half-Lives of Phenytoin after Intravenous 
Administration of Three Different Doses' 

Dose, mg/kga 
DOQ I5 10 6.6 5.5 

3.2 h 2.6 h 2.3 h - 
21 6.1 h 4.4 h - 2.9 h 
20 

~ ~ ~~ 

a Dosa of sodium phenytoin. exprcssed as phcnytoin cquivalenls. Linear kinetics are 
assumed. 

Table IV-Area under the Plasma Phenytoin Concentration versus Time 
Curves after Inhavenom Administration of a Dose Equivalent to 15 mg/kg 
of Phenytoin 

AUC,', pgmin/mLa 
Cornpound Dog 19 Dog 20 Dog 21 Dog22 

la 3697 3889 7225 4720 
3808 3070 4873 

111 2762 - c  - c  - b  
I1  

IV 3008 349 1 4452 3150 

2499 

Calculated uia the trapezoidal method. Unable to administer complete dase due 
to excessive pain on administration. Compound 111 was not administered. 

phenytoin concentration versus time profile after oral and intravenous ad- 
ministration of the prodrugs was very low. The contribution of the AUC;",of 
a plot of V,C/(K, + C) versus time would, therefore, be very small. Thus, 
A U C g  would be approximately equal to AUCC, which is equal to the nu- 
merator of Eq. 1 1. 

The results of the determination of the corrected true bioavailability of 
intravenously administered prodrugs 11 and IV in dogs 20 and 21 relative to 
intravenously administered la  are summarized in Table VIII,  and corrected 
bioavailabilities of prodrugs 11-IV in dogs 20 and 21 after oral dosing are 
shown in Table IX. Similar calculations could be done to determine the cor- 
rected bioavailabilities of oral and intravenously administered prodrugs, re- 
spectively, in dogs 19 and 22 if the v, and K ,  values could have been accu- 
rately estimated. 

Comparison of the A U G  values to determine the availability of phenytoin 
after intravenous administration of its prodrugs relative to Ia can result in an 
underestimation in the case of drugs like phenytoin, which exhibit nonlinear 
pharmacokinetics. The extent of underestimation will depend on the rate of 
conversion of the prodrugs to phenytoin. If the rate of hydrolysis of the pro- 
drugs is slow, the input rate of phenytoin will be slow. This in turn will show 
a decreased degree of saturation of the enzyme system responsible for me- 
tabolism of phenytoin compared with the saturation that would be exhibited 
by an equivalent intravenous dose of la. Similarly, the bioavailability of the 
prodrugs calculated by determining the ratio of AUC; obtained after oral 
administratioh of the prodrugs and the AUC; obtained after intravenous 
administration of an equivalent dose of la  can result in an underestimation. 
If the input rate of phenytoin ( i .e . ,  the absorption and conversion of the pro- 
drug) is slow, the apparent absolute bioavailability is considerably underes- 
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Figure 5-Plot of the area under the plasma phenytoin concentration versus 
time curve. AUC;. as a function of the intravenous dose ojsodium phenytoin 
administered 10 dog 20 (0)  and dog 21 (B). Doses are in phenytoin equiva- 
lents. 
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Table V-Apparent Bioavailability of Phenytoin after Intravenous 
Administration of Prodrugs 11-IV 

c:, % b  
Compound Dog 19 Dog 20 Dog 21 Dog 22 

I I  67 
Ill 75  
IV 81 

I o i  
- c  - 42d - 
98 

90 62 67 

' Relative to la. * Calculated as [AUGP (pr+rug)/AUC&, (la)] X 100. Unable 
Compound Ill to administer complete dosc due to excessive pain on administration. 

was not administered. 

Table V1-Apparent Bioavailability of Phenytoin after Oral 
Administration of In and 11-IV a 

c:, Wb 
Compound Dog 19 Dog 20 Dog 21 Dog 22 

la 10 17 13 14 
I1 69 96 41 55 

111 89 1 I4 26 - c  
IV 46 53 58 46 

a Relative to intravenously administered la. Calculated as [AUCC, (la and 
prodrugs)/AUC;,, ( la)]  X 100. Compound Ill was rejected by dog 22. 

h a t e d .  This is apparent from the results summarized in Tables V l l I  and IX. 
The corrected bioavailabilities show that in dog 21, the apparent bioavaila- 
bilities are drastic underestimations. This is consistent with the larger change 
in the AUC; and the apparent elimination half-life of phenytoin with dose 
observed in dog 21 compared with the change observed in dog 20 (Table Ill), 

Table VII- V,,, K,,, and the Apparent Volume of Distribution (Vd) 
Calculated from the Data Obtained after Intravenous Administration of 
Sodium Phenvtoin 

Dose mg/kg' 
Parameters 15 10 5.5 Mean f SD 

2o r 

Dog 20 
K m .  &mL 25.3 15.9 7.9 16.4 f 8.7 
V,, p@L/min 0.1 0.087 0.045 0.077 f 0.03 
V d . L  g 1.15 1.15 1.28 1.19 f 0.07 

Dog 21 
K m .  &mL 4.5 2.7 4.7 3.99 f 1 . 1  

0.016 0.016 0.02 0.018 f 0.003 
1.77 1.54 f 0.20 

b; &$p$/min 1.41 I .43 

Dam are in phenytoin equivalents. * Volume of distribution extrapolated. 

suggesting that dog 21 is more susceptible to enzyme saturation than is dog 
20 (lower K,,, value observed for dog 21). 

The corrected bioavailability of both orally and intravenously administered 
11 in dog 20 is -100%; in dog 21, it is -6%. This suggests that in dog 20, I 1  
undergoes quantitative hydrolysis to phenytoin and is completely absorbed 
from the GI tract. However, in dog 21, it seems that the complete oral dose 
of I I  may be absorbed from the GI tract, but the prodrug may not undergo 
quantitative conversion to phenytoin, i.e., the ester may be undergoing a 
nonproductive metabolic pathway such as hydroxylation of the hydantoin 
phenyl ring followed then by the cleavage of the ester. This pathway may be 

I I I I 1 I I I 1 
100 200 300 400 500 600 700 800 

MINUTES 

Figure 6-Semilogarithmic plots of plasma phenytoin concentrations versus 
time following intravenous administration of I5 (O),  10 (m), and 6.6 (A) 
mglkg (phenytoin equivalents) of sodium phenytoin to dog 20; (-) com- 
puler-fitted lines. 

0'3 t 
1 I I 1 I I I 1 I 

100 200 300 400 500 600 700 800 
MINUTES 

Rgure 1-Semilogarithmic plots of plasma phenytoin concentrations versus 
timejollowing intravenous administration of I5 (a), 10 (m), and 5.5 (A) 
mg/kg (phenytoin equivalents) of sodium phenytoin to dog 21: (-) com- 
puter-fitted lines. 
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Table MII-Calculation of the Corrected Bioavailability of Phenytoin’ after Intravenous Administration of I1 and IV to Two Beagle Dogs 

S - z d r  p,FP. % b  Corrected F,  %c 
o K , + C  

Compound Dog 20 Dog 21 Dog 20 Dog 21 Dog 20 Dog 21 

I I  13.8 6.4 98 42 i06 60.2 
1v 12.8 10. I 90 62 98.7 95.3 

Corrected for enzyme saturation. Calculated by [AUGmjV (prodrug)/AUC& (la)] X 100. Based on Eq. 1 I .  

Table IX-Calculation of the Corrected Bioavailsbility of Phenytoin’ after Oral Administration of la and 11-IV to Two Beagle Dogs 

Corrected F ,  %OC 

Compound Dog 20 Dog 21 Dog 20 Dog 21 Dog 20 Dog 21 

la 
11 

Ill 

2.5 
16.3 
16.1 

2.3 
6.8 
4.5 

17 
96 

1114 

13 
41 
26 

19.5 
125.4 
123.8 

21.9 
64.1 
42.9 

1v 8.2 9.2 53 58 63.2 86.8 

Corrected for enzyme saturation. 6 Calculated by [AUCZ, (Ia and prodrugs)/AUC& (la)] X 100. Based on Eiq. I I .  

competing with the hydrolysis of the ester to phenytoin. Another possibility 
is that theesterase activity in dog 21 may be low. Prodrug Ill also seems to 
show a bioavailability of only -45% in dog 21. whereas, in dog 20. the cor- 
rected bioavailability of 111 is -100%. 

The results in Table VIIl suggest that IV is quantitatively hydrolyzed to 
phenytoin on intravenous dosing to dogs 20 and 21. However, the corrected 
bioavailability of 1V on oral dosing in dogs 20 and 21 was -65 and -90%. 
respectively. This suggests that the ester may be incompletely absorbed from 
the GI tract, probably because of its polar nature. 

In all the calculations and discussions to date, it was assumed that phenytoin 
does not exhibit presystemic clearance in the dog and that orally or intrave- 
nously administered prodrugs do not exhibit a sequential first-pass effect (44); 
i.e., if the prodrugs are cleaved to phenytoin prior to reaching systemic cir- 
culation, then the formed phenytoin may be further metabolized prior to re- 
lease to systemic circulation. For dogs 20 and 21, presaturation clearances 
could be calculated from: 

Vd Vm CL = - 
Km 

(Es. 12) 

For dog 20, the approximate phenytoin clearance is 5.6 mL/min/kg, while 
for dog 21 a clearance of -6 .9  mL/min/kg is calculated. If it is assumed that 
phenytoin readily equilibrates between red blood cells and plasma, that the 
metabolism of phenytoin occurs only in the liver, and that liver blood flow in 
dogs is 40-45 mL/min/kg (45), then it can be estimated that phenytoin at 
presaturation doses may exhibit a first-passeffectof-12-141and 15-171 
in dogs 20and 21, respectively. Obviously, this is not sufficient to account for 
the poor oral performance of la, but it may a m n t  for the < I W o  availability 
of phenytoin from the prodrugs, even correcting for the nonlinear kinetics. 

It can be concluded that I1 would be a better oral-delivery form of phenytoin 
than la. Compound 111 caused nausea, vomiting on oral dosing, and pain and 
hematoma on intravenous dosing. This would make it less favorable as a 
prodrug candidate for either oral or parenteral use. Compound I 1  would 
probably be quantitatively hydrolyzed to phenytoin on oral administration 
to humans, since the esterase activity of the intestinal mucosa ofdogs is paor 
relative to other mammalian species (46). Oral administration of I 1  would 
help in overcoming the problem of low and erratic bioavailability of phenytoin 
associated with the oral administration of Ia. 

The long shelf life of IV (30) and its high aqueous solubility at physiological 
pH (5) would render i t  useful as a parenteral dosage form for the delivery of 
phenytoin in humans, provided it is quantitatively hydrolyzed to phenytoin 
(as was observed in the dog). This would aid in  overcoming the hazards as- 
sociated with intravenous administration of sodium phenytoin. 
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Abstract 0 Tissue damage caused by subcutaneous and intramuscular ad- 
ministration of three phenytoin prodrugs to rats was assessed. Since. two of 
the prodrugs caused significant irritation, only 3-(hydroxymethyl)-5,5-di- 
phenylhydantoin disodium phosphate ester might be useful as a nonirritant 
phenytoin prodrug suitable for parenteral administration. To confirm the 
release of phenytoin from this prodrug, phenytoin availability after intra- 
muscular and intravenous administrations of the phosphate prodrug was 
evaluated in  rats and compared with sodium phenytoin. The prodrug quan- 
titatively released phenytoin after intravenous administration, and phenytoin 
levels from intramuscular administration of the prodrug were far superior to 
those generated from similarly administered sodium phenytoin. Based on this 
and earlier studies, it was concluded that this prodrug should be. further as- 
sessed as  a parenteral form of phenytoin. 

Keyphrases 0 Phenytoin-phosphate prodrug, parenteral administration, 
rats 0 Prodrugs-phenytoin, phosphate ester, parenteral administration, rats 
0 Anticonvulsants-phenytoin. phosphate prodrug, parenteral administration, 
rats 

The parenteral form of the anticonvulsant drug phenytoin 
(I), i.e., sodium phenytoin (la) dissolved in a vehicle consisting 
of 40% propylene glycol and 10% alcohol at  pH -1 2, is haz- 
ardous if too rapidly injected intravenously (1,2); intramus- 
cular injection results in delayed release of phenytoin from the 
precipitated phenytoin acid at the injection site (3-8). We 
recently evaluated the potential usefulness of a series of 
phenytoin prodrugs (9-1 1). Based on those studies, 11-IV were 
thought to be possible parenteral forms of phenytoin because 
of their superior solubility properties compared with phenytoin 
(9). In a dog study, these prodrugs quantitatively released 
phenytoin after intravenous injection (1 l ) ,  although 111 was 
observed to cause significant acute toxicity in the dog and 11 
had only marginal chemical stability (10). It was concluded 
that IV would be the best candidate among prodrugs 11-IV 
( 1  1 )  for parenteral administration. 

C6H5 h H 5  

c 6 H , , t f  CsH, hf-".' 
H N Y N H  0 

I 

HN+ 0 

la 

I I  

HNKNC " ,OR 
0 

R = -COCHzNH (CH3)z CHISO>- 
t 

11: 
t 

111: R = - C O ~ ( C H Z ) ~ N H ( C H &  CHJSOJ- 
IV: R = -P032- Na2+ 

Presented here are two further studies, designed to evaluate 
the possible utility of 11-IV as parenteral forms of phenytoin. 
First, an evaluation of the tissue damage after subcutaneous 
and intramuscular injection of prodrugs 11-IV to rats was in- 
itiated. Based on these findings (significant irritation seen with 
both I1 and 111 but not IV) a second study, the intravenous and 
intramuscular availability of phenytoin from IV in rats, was 
addressed. The results of the two studies are presented in this 
paper. 

EXPERIMENTAL SECTION 

Evaluation of the Tissue Damage Cawed by SubcutPncous and IntnmuPcuLr 
Administration of 11-IV-Male Sprague-Dawley rats', weighing between 
250-275 g, were used; twelve rats were used for each ester studied. Fresh 
aqueous solutions of esters 11-IV (9). 25 mg/kg (phenytoin equivalents), were 
prepared, and each of six groups of six rats received an ester injected intra- 
muscularly in the thigh muscle or an ester injected subcutaneously under the 
thigh skin. The injection volume did not exceed 200pL.  After administration, 
the rats were placed in metabolism cages with access to food and water. At 
24 h postdose, three rats administered drug intramuscularly and three rats 
administered drug subcutaneously for each ester were sacrificed, and the 
extent of tissue damage was evaluated. The extent of tissue damage in the 
remaining six rats was evaluated after 7 d postdose. Visual observations were 
made to determine the extent of tissue damage. The rats were observed ex- 
ternally to check for any skin damage after the subcutaneous injection. The 
animals were then checked for internal damage by exposing the thigh muscle 
(intramuscular administration) or the muscles underlying the skin at the in- 
jection site (subcutaneous injection). 

In Vivo Evaluation of IV as a Prodrug of Phenytoin in Rats-The avail- 
ability of phenytoin after intramuscular administration of IV was studied in 
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