
[the phenylmethyl derivative, Ip, 7.1-7.8 ppm (IOH)], and the vinyl 
proton (1H) appeared as a broad singlet a t  6.0-6.3 ppm. The 6-phenyl 
group of I1 compounds was in the same range downfield, and the 2- 
methylene group (OCH2N) appeared as a doublet of doublet, 4.41 and 
4.58 ppm and 4.80 and 4.95 ppm, probably corresponding to the axial and 
equatorial protons, respectively4. 
l-Methyl-l-octyl-4-phenyl-1,2,3.6-tetrahydropyridinium Bro- 

mide (1c)-A solution of 3.5 g (0.02 mole) of 1-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (1) and 10 g (0.05 mole) of 1-bromooctane in 
50 ml of anhydrous acetone was heated on a steam bath for 12 hr. The 
mixture obtained upon final cooling in an ice bath was filtered. Then the 
crystalline solid was washed with cold acetone and diethyl ether and 
purified by recrystallization, 1 g/50 ml of acetone, to provide colorless 
needles. 
l-Decyl-l-methyl-4-phenyl-l,2,3,6-tetrahydropyridinium o- 

Sulfobenzimide (1b)-One gram (0.0025 mole) of l-decyl-l-methyl- 
4-phenyl-1,2,3,6-tetrahydropyridinium bromide (Ie) was suspended in 
100 ml of warm ( 3 5 O )  deionized water with stirring, and a solution of 3.0 
g (0.012 mole) of sodium o-sulfobenzimide dhydrate in 10 ml of deionized 
water was dripped in (10 min). The product separated initially as a col- 
orless oil and solidified upon mixing an additional 2 hr, followed by 
cooling in an ice bath. The water-washed and air-dried colorless solid was 
recrystallized by solution of 1 g in 2 ml of acetonitrile and addition of 
approximately 18 ml of ether until incipient turbidity. The colorless plates 
obtained were washed with cold acetonitrile-ether (1:9 v/v). 
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Abstract 0 This investigation generated data characterizing a specific 
electron-capture GLC assay reported previously for naltrexone and ap- 
plied the method to a determination of naltrexone pharmacokinetics. 
Extraction efficiencies are reported for the assay, and mass spectral ev- 
idence indicates that naltrexone forms a triester when derivatized for 
electron-capture GLC with pentafluoropropionic anhydride and a base 
catalyst. Plasma level-time data for intravenous naltrexone at  two dose 
levels in monkeys yielded no evidence of dose-dependent kinetics. A 
two-compartment open pharmacokinetic model was fitted to plasma 
level-time data for naltrexone in two dogs and yielded a total body 
clearance of 51-55 dminhcg. Urine collected for 0-24 hr contained 36% 
of the dose as naltrexone conjugates with less than 1% as unchanged 
naltrexone. Plasma level-time data for intravenous naltrexone in six 
monkeys yielded an average terminal half-life of 7.8 hr and a total body 

Naltrexone, a narcotic antagonist, has been investigated 
for use in the treatment of opioid dependence (1). In hu- 
mans, most of the typical responses to a heroin challenge 

clearance of 64 ml/min/kg. The total body clearance for naltrexone was 
greater than the hepatic plasma or blood flow in both dogs and monkeys. 
This finding, together with the extremely low renal excretion of nal- 
trexone, suggests the existence of elimination mechanisms besides liver 
metabolism and renal excretion. 

Keyphrases 0 Naltrexone-plasma kinetics after intravenous bolus 
administration, dogs and monkeys, electron-capture GLC m a y  
Pharmacokinetics-naltrexone after intravenous bolus administration, 
dogs and monkeys, electron-capture GLC assay 0 GLC, electron cap- 
ture-specific assay for naltrexone Narcotic antagonists-naltrexone, 
pharmacokinetics after intravenous bolus administration, dogs and 
monkeys, electron-capture GLC assay 

(25 mg iv) are blocked by naltrexone for 48-72 hr after a 
100-mg oral dose (2). Because the duration of action of 
naltrexone is short in relation to that considered optimal 
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Figure 1-Electron-impact mass spectrum for deriuatized naltrexone 
obtained at the maximum of the single peak in the total ion current 
versus scan number plot. 

from a treatment standpoint, an effort to develop and 
evaluate sustained-release delivery systems for naltrexone 
was initiated (3). One prerequisite to a pharmacokinetic 
evaluation of in viuo release rates of naltrexone from such 
delivery systems is a knowledge of its distribution and 
elimination kinetics in the species of interest. 

Cone et al. (4) were the first to report kinetic data on 
naltrexone in humans. Their data on urinary naltrexone 
excretion after a single 50-mg PO dose indicated a urinary 
excretion half-life of 1.1 hr (mean of six subjects). However, 
since the urinary excretion data were obtained after oral 
administration, it is not possible to ascertain whether the 
half-life observed is representative of absorption or elim- 
ination (5). In addition, the half-life estimate appears to 
be based on only two time points (4). 

Another study (2) reported the plasma level and urinary 
excretion kinetics of naltrexone in four postaddict human 
volunteers. The plasma naltrexone data indicated a half- 
life of 10 hr for the time period up to 24 hr and a half-life 
of 96 hr from 24 to 72 hr after an oral naltrexone dose. In 
the absence of intravenous data, however, it  is difficult to 
ascertain the meaning of these half-life values. 

The values reported by Verebey et al. (2) were much 
longer than those of Cone et al. (4). It  is possible that ki- 
netic parameters measured over the first 24 hr are in- 
fluenced by continuing naltrexone absorption over part 
or all of this time period. The subsequent 96-hr half-life 
a t  very low drug levels probably represents either slow 

Table I-Efficiency of Extraction of Nal t resone from Plasma a 

Percent Extracted Percent Extracted 
with Benzeneb with Ethyl Acetateb 

Naltrexone Blank Dog Monkey Dog Monkey 
Added, ng Plasma, ml Plasmac PlasmaC Plasmad PlasmaC 

- - 5e 0.5 70 82 
1 0 e  0.5 - - 107 78 
50 0.5 68 76 96 90 

0.5 72 81 95 92 
2f 2.0 64 64 

10f 2.0 71 76 
20f 2.0 71 67 

- 
100e 

- 
- - 
- 

Mean(SD) - 70 (4) 74 (7) k ( 7 )  87 (8) 
0 Blank plasma samples containing the added naltrexone were hasified and 

sup lemented with sodium chloride, extracted with either benzene or ethyl acetate, 
bac&-extracted into 0.1. N H&O4, basiiied and supplemented with sodium chloride, 
and then reextracted into the same organic solvent. For the controls, naltrexone 
was added after the complete extraction procedure. Results are for the entire 
extraction rwedure and are corrected for volume losses. Single determinations. 

Mean of Suplicate determinations. Internal standard, naloxone (60 ng), added 
after extraction. f Internal standard, naloxone (12 ng), added before extraction 
because inconsistent results were obtained when it was added after extraction. 

mobilization of a small amount of naltrexone from a tissue 
depot or assay interference at  very low naltrexone con- 
centrations. Thus, past studies have provided important 
data and raised pertinent questions regarding naltrexone 
kinetics in humans. No studies have been published on 
naltrexone pharmacokinetics in animals. 

To understand naltrexone pharmacokinetics, it is nec- 
essary to measure its pharmacokinetic parameters after 
intravenous administration as well as to perform quanti- 
tative studies of naltrexone absorption, distribution, ex- 
cretion, and metabolism. This paper reports the results of 
the initial stage of a comprehensive investigation of nal- 
trexone pharmacokinetics in animals and humans. The 
plasma level kinetics determined after intravenous ad- 
ministration in monkeys and dogs were obtained using an 
assay previously developed in these laboratories' (6). 

EXPERIMENTAL 

Reagents-Naltrexone hydrochloride2, naltrexone reference stan- 
dard*, naloxone reference standard2, GLC-spectrophotometric quality 
methanoP, and benzene4 were used without further treatment. Penta- 
fluoropropionic anhydride5 was distilled prior to use, and 4-dimeth- 
ylaminopyridine6 was recrystallized. All other chemicals were reagent 
grade. 

Extraction-An appropriate amount of a solution of naloxone (in- 
ternal standard) in methanol was placed in each siliconized, screw-capped 
test tube. Samples of plasma or urine, 0.05-2.0 ml, were added and then 
extracted according to a reported procedure (7) with either benzene (dog 
study and initial study in four monkeys) or ethyl acetate (final study in 
six monkeys) as the organic solvent. 

The efficiency of extraction of naltrexone from plasma was determined 
by assaying samples in which known amounts of naltrexone were added 
before and after extraction. Expression of the assayed amount in samples 
in which naltrexone was added prior to extraction as a percentage of the 
assayed amount in samples in which an equal amount of naltrexone was 
added after extraction yielded the extraction efficiency. 

Derivatization and GLC-The residue obtained after extraction was 
dried by storage for a t  least 16 hr in a vacuum desiccator. Derivatization 
with pentafluoropropionic anhydride and subsequent electron-capture 
GLC were carried out according to the procedure described by Sams and 
Malspeis (6)  with several modifications. The derivatization was done in 

Hopefully, similar studies in humans will be carried out when naltrexone is 
approved for intravenous use. 

2 Endo Laboratories. Garden City, N.Y. 
3 J. T. Baker Chemical Co., Phillipshurg, N.J. * Burdick &Jackson, Muskegon. Mich. 
6 Pierce Chemical Co., Rockford, Ill. 
6 Aldrich Chemical Co., Milwaukee, Wis. 
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Figure 2-Concentration of naltrexone in plasma as a function of time 
following an intravenous bolus dose (0.72 mglkg) in Dog 105. The re- 
gression line was obtained by a nonlinear least-squares method using 
all data points. The fitting procedure and equations were described 
previously (12). 

benzene at 68-70' for 1 hr with 1% 4-dimethylaminopyridine as the 
catalyst (8). 

The derivatives were chromatographed on a gas chromatograph 
quipped with a aNi-electron-capture detector'. The coiled glass column 
was 2 mm i.d., either 1.8 m (6 ft) or 2.4 m (8 ft) in length, and was packed 
with 3% OV-17 on 100-120-mesh supports. The oven temperatures were 
205' for the 1.8-m column (dog study and initial study in four monkeys) 
and 203O for the 2.4-m column (final study in six monkeys). The argon- 
methane (955) carrier gas flow rates were 40 mVmin for the 1.8-m column 
and 24-30 ml/min for the 2.4-m column. 

Mass Spectrometry-The derivatization of naltrexone was done on 
a much larger scale than that described for assay purposes. Naltrexone 
base (2.0 mg) was placed in a siliconized culture tube with a polytef-lined 
cap and derivatized with 100 pl of pentafluoropropionic anhydride, using 
200 p1 of 1% dimethylaminopy-ridine in benzene as a catalyst. The mixture 
was heated at 68' for 1 hr and then cooled in an ice bath. The excess 
pentafluoropropionic anhydride was removed by washing the mixture 
with 10 ml of aqueous saturated sodium tetraborate. 

A sample of the organic phase was transferred to another siliconized 
tube, and 2 pl of the organic phase was injected into a gas chromatographs 
that had been interfaced through a glass jet separator to a mass spec- 
trometerlO. The gas chromatograph contained a 1.8-m coiled glass col- 
umn, 2 mm i.d., packed with 3% OV-17 on 100-120-mesh supports. The 
carrier gas was helium. The spectrometer was operated in the electron- 
impact mode at 70 ev. A plot of total ion current versus scan number 
revealed only one peak, and mass spectra were recorded at the maximum 
of this peak. 

7 Model 5700A, Hewlett-Packard, Palo Alto, Calif. 
8 Gas Chrom 
0 Model 2700,$jarian Instrument Division, Palo Alto, Cali! 

10 Model 21-491, Dupont Instruments, Wilmington, Del. 

Applied Science Laboratories, State Colle e, Pa. 

Pharmacokinetic Studies in Animals-Two male foxhound dogs, 
20 kg, were fasted for 24 hr prior to drug administration. Naltrexone 
hydrochloride was dissolved in normal saline and administered via the 
cephalic vein at  0.72 mg of naltrexonehg over 30 sec. Blood was obtained 
at frequent intervals by venipuncture using a heparinized syringe. Total 
0-24-hr urine was collected either by catheterization of the dog or by use 
of a metabolism cage. 

Monkeys were supplied with a polyethylene venous catheter, which 
extended into the inferior vena cava via the saphenous vein. Naltrexone, 
1.0 or 10.0 mghg, was administered through the catheter as a bolus dose 
followed by a saline rinse. At  predetermined times after dosing, blood 
samples were drawn from the catheter into heparinized syringes. 

Plasma was separated from dog and monkey blood samples by cen- 
trifugation, and all plasma and urine samples were stored frozen prior 
to analysis. Total body clearance was calculated by dividing the dose by 
the area under the plasma naltrexone level-time curve from time zero 
to infinity. The area was estimated from the macroconstanta of a biex- 
ponential equation (9). 

Enzymatic Hydrolysis and Dilution of Urine-After thawing and 
mixing the urine samples, a 0.5-ml aliquot of each sample was mixed with 
1 ml of a 1 : lO  dilution of a commercial enzymatic mixture1' of 8-glucu- 
ronidase (-177,000 unitslml) and sulfatase (-35,000 unitdml) in 0.2 M 
acetate buffer, pH 5.0. Each sample was incubated in a water bath at 37' 
for 24 hr. These conditions result in a maximal degree of enzymatic hy- 
drolysis of naltrexone conjugates (10). Hydrolyzed and unhydrolyzed 
urine samples were diluted 10-1000-fold with 0.9 M NaCl prior to ex- 
traction. 

RESULTS 

Analytical Aspects-Derivatization and chromatography of nal- 
trexone, either at the nanogram level for assay purposes or a t  the milli- 

\ 0 
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MINUTES 
Figure 3-Concentration of naltrexone in plasma as a function df time 
following an intravenous bolus dose (0.72 mglkg) in Dog 103. The re- 
gression line was obtained by a nonlinear least-squares method using 
the data from 5 to 240 min. 

~~ ~~~ 

Glusulase, Endo Laboratories, Garden City, N.Y. 
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gram level for mass spectrometry studies, yielded a single peak with the 
same retention time in each case. Thus, the GLC results indicate that the 
same derivative was formed at  either level. The mass spectrum, obtained 
a t  the maximum of the single peak in the plot of total ion current versus 
scan number, is illustrated in Fig. 1. The base peak a t  m/e 779 corre- 
sponds to the molecular ion of the pentafluoropropionyl triester deriv- 
ative of naltrexone. This finding is consistent with formation of a com- 
pletely derivatized naltrexone molecule esterified at the 3-, 6-, and 14- 
positions (I). The only significant fragment ions observed were at mle 
738 (12.9% of base peak), corresponding to a loss of a C3H6 moiety from 
the N-cyclopropylmethyl group, m/e 632 (10.8% of base peak), corre- 
sponding to a loss of a CF3CF2CO moiety, and m/e 616 (8.3% of base 
peak), corresponding to a loss of a CF3CF2COO moiety from the molec- 
ular ion. 

The efficiency of benzene extraction of naltrexone from plasma aver- 
aged 70% in the dog (range of 6677%) and 74% in the monkey (range of 
6442%) (Table I). There was no discernible concentration dependence 
of the extraction efficiency over the concentration ranges encountered 
in routine assays of plasma samples. These extraction efficiencies com- 
pare favorably to the 72.5% reported previously for extraction of nal- 
trexone from dog urine with this procedure (7). When ethyl acetate was 
substituted for benzene, these efficiencies increased to an average of 99% 
for dog plasma and 87% for monkey plasma (Table I). 

Standard curves for the assay were obtained by: (a) adding varying 
known amounts of naltrexone and a constant amount of naloxone (in- 
ternal standard) to a series of blank plasma samples, ( b )  measuring the 
chromatographic peak heights after completion of the extraction, deri- 
vatization, and GLC assay, and (c) plotting the peak height ratio, nal- 
trexone to naloxone, as a function of the amount of added naltrexone. 
Linear standard curves were obtained and a new standard curve covering 
the range of expected concentrations was prepared on each day of anal- 
ysis. 

Pharmacokinetic Studies-The plasma naltrexone concentration- 
time curves obtained after administration of an intravenous bolus dose 
to each of two foxhound dogs are illustrated in Figs. 2 and 3. Because the 
plasma naltrexone levels declined with time in a biexponential manner, 
the classical two-compartment open model (Scheme I) was chosen for 
initial attempts at fitting a model to the data (5). The  results of the 
nonlinear least-squares fit (11, 12) are indicated in Figs. 2 and 3. The 
terminal half-life values of the fitted curves averaged 1.0 hr (range of 
52-67 min), and the total body clearance was in the range of 51-55 ml/ 
min/kg. 

Assay of both enzymatically hydrolyzed and unhydrolyzed 0-24-hr 
urine collections provided an estimate of the urinary excretion of nal- 
trexone and its conjugates. An average of 37% of the dose was excreted 
as total (unconjugated plus conjugated) naltrexone during the first 24 
hr after the intravenous dose with less than 1% excreted as unconjugated 
naltrexone (Table 11). No attempt was made to analyze for the small 
amounts of other metabolites that  may have been present (7). 

The initial experiment on naltrexone pharmacokinetics in the monkey 
was designed to determine the concentration ranges in plasma encoun- 
tered a t  various intravenous dosage levels and to detect any pronounced 
dose dependence of naltrexone pharmacokinetics. The limited data ob- 
tained (Table 111) indicate that, a t  each point in time, a 10-fold increase 
in dosage yielded about a 10-fold increase in the average plasma level. 

Table 11-Naltrexone and Conjugates in Dog Urine Collected 
0-24 hr following an Intravenous Bolus of Naltrexone 

Percent of Dose 
Naltrexone 

Doe Naltrexonea Coniurates TotalC 

103 0.90 
105 0.73 

Table 111-Initial Study of Naltrexone Levels in Monkey Plasma 
as a Function of Time a f t e r  an Intravenous Bolus Dose 

Plasma Level, ng/ml 
10 mg/kg 1 mg/kg 

Minutes 67 1 5 O  67Wb 6705c 671ga 
~~ ~ 

10 227.!ie 3440 244 252 
20 1880 2075 166 167 
40 1280 1447 150 120 
80 666 810 91.5 46.7 

160 212 288 44.8 11.8 
320 31.2 52.8 11.8 

AUCf 171 224 23.0 13.8 
- 

Monkey 6715 was a 3.8-kg female. Monkey 6700 was a 6.4-kg male, Monkey 
6705 was a 4.7-kg female. Monkey 6719 was a 3.6-kg male. Each value IS the mean 
of duplicate a s s a r  f Area under the plasma naltrexone level-time curve from zero 
time to the last ata point (rg min/ml) determined by the trapezoidal method. 

When plotted as a function of time, the plasma levels declined in a 
biexponential manner. The average area under the plasma level-time 
curve for the 10-mg dose was 10.7 times that for the I-mg dose. 

Following completion of this initial experiment, another investigation 
was carried out in six monkeys at the lO-mg/kg dosage. Blood samples 
were obtained a t  more frequent intervals over 48 hr. The results of the 
nonlinear least-squares fit (11,12) of the two-compartment open model 
(Scheme I) to the plasma level-time data are shown in Figs. 4 and 5 for 
two monkeys. The close proximity of the data points to the regression 
curve indicate that an excellent fit was obtained whether measurable 
levels were found over 24 hr (Fig. 4, representative of four monkeys) or 
over 48 hr (Fig. 5, representative of two monkeys). The pharmacokinetic 
parameters obtained from the nonlinear least-squares fit of the data for 
all six monekys are summarized in Table IV. The terminal half-life of the 
plasma naltrexone level-time curve averaged 7.8 hr, and the total body 
clearance averaged 64 ml/min/kg. 

DISCUSSION 

Mass spectral evidence that the base peak of the derivative formed 
during the assay corresponds to the molecular weight of the pentafluo- 
ropropionyl triester of naltrexone indicates that the completely deriva- 
tized naltrexone moiety is the compound being chromatographed. The 
fragmentation pattern is also consistent with this conclusion. Sams and 
Malspeis (6) presented mass and IR spectral evidence that naltrexone 
reacted with heptafluorobutyric anhydride in the presence of a base 
catalyst forms the analogous heptafluorobutyryl triester. Although 
derivatization of an aliphatic enol such as that a t  the 6-position of nal- 
trexone is unusual (13), Cone et  al. (14) presented evidence consistent 
with the formation of a similar acyl derivative of hydromorphone. This 
complete degree of derivatization in the presence of a base catalyst in the 
present assay permits maximal sensitivity and avoids any variability due 
to an inconsistent degree of partial derivatization. 

With benzene as the organic solvent for extraction, possible interfer- 
ence from the blank and from unknown polar naltrexone metabolites is 
minimized. However, when ethyl acetate is used, the extraction efficiency 
of naltrexone is close to 10096 and the extraction and chromatographic 
assay of certain polar metabolites may also be possible. I t  was previously 
shown that this procedure is specific for naltrexone (7) and that the 
known metabolites, i.e., a-naltrexol and j3-naltrexol, as well as the po- 
tential metabolite noroxymorphone do not interfere. Thus, the evidence 
on specificity indicates that the analytical method is suitable for phar- 
macokinetic studies. 

The fit of the two-compartment open model to the plasma naltrexone 
level-time data was excellent for both dogs (Figs. 2 and 3, with the ex- 
ception of the last sample in one dog (Fig. 3). The deviation of this last 
point from the extrapolation of the curve fitted to the other data points 
could be due to experimental error or may indicate a very slow terminal 
phase for a small fraction of the dose. Because of the limitation of assay 
sensitivity, it was not possible in this experiment to investigate further 

35.7 36.6 
37.2 37.9 

elimination 
0 Determined by assay of unhydrolyzed urine samples. * The difference between 

and unchm ed ,,alhexone. c ~ ~ k ~ i ~ d  by assay of urine -plessu&quent Scheme I-Two-compartment open pharmacokinetic model. The k's 
are rate constants for the transfer processes indicated. to enzymatic hylrolysis of naltrexone conjugates. 

4 14 J Journal of Pharmaceutical Sciences 
Vol. 68, No. 4, April 1979 



Table IV-Pharmacokinetic Parameters * for Intravenous Naltrexone in the Monkey 

Total Body 

~ 

6726 0.00109 0.00095 0.01278 797 63 55 

6695 0.00102 0.00184 0.01104 418 61 101 
(4.36 kg) (0.000ll)C (0.00018) (0.00043) 

(5.26 kg) (0.00025) (0.00040) (0.00070) 

(5.76 kg) (0.00025) (0.00026) (0.00078) 

(5.55 kg) (O.ooo09) (0.00022) (0.00029) 

(5.08 kg) (0.00020) (0.00018) (0.00079) 

. (4.90 kg) (0.00011) (0.000 14) (0.00016) 

a The parameters klz,  k z ~ ,  and k l o  are the rate constants defined in Scheme I and were obtained by nonlinear least-squares regresaion (9,lO). The t 1 ~  is the half-life 
of the terminal exponential phase of the plasma naltrexone level-time curve; Vda the apparent volume of distribution, wm calculated by an accepted method. 6 Monkeys 
were all female. Standard deviation in parentheses. 

6763 0.00111 0.00085 0.00984 910 94 71 

428 o.Ooo60 0.0021 1 0.01089 35 1 26 50 

6706 0.00117 0.00110 0.01302 691 68 69 

6761 0.001 11 0.00308 0.00886 265 15 41 

Mean 0.00102 0.00166 0.01107 46gd 54 (29) 64 (21) 

Harmonic mean. The coefficient of variation of the mean of the reciprocal t 112 values was 50%. 

- 
C 

-_ 4 10aL’-.l.--.-I .-L- A_.- I , , 
P 300 600 900 1200 1500 

Figure 4-Concentration of naltrexone in plasma as a function of time 
following an intravenous bolus dose (10 mglkg) in Monkey 6761. The 
regression line was obtained by a nonlinear least-squares method. 
the possible existence of a terminal phase of the plasma level-time curve 
having a much longer half-life. This possibility will be examined in the 
dog using alternative experimental designs. 

The recovery of 37% of the naltrexone dose from 0 to 24 hr in dog urine, 
mostly as conjugated naltrexone, is consistent with literature data. 
Malspeis et al. (7)  found only small amounts of 8-naltrexol in en- 
zymell-hydrolyzed dog urine after intravenous administration and could 
not detect any a-naltrexol. Only 38% of an oral dose was accounted for 
in humans as unchanged drug and metabolites in 0-24-hr urine (2), and 
53% was accounted for in 0-6-day urine (4). Thus, there is incomplete 
recovery of naltrexone in the urine in both humans and dogs. Possible 
additional modes of elimination include fecal excretion of naltrexone 
and/or its metabolites, formation of unknown metabolites, and urinary 
excretion of conjugates not hydrolyzed by the enzyme preparation”. The 
relative importance of these potential elimination pathways is currently 
under investigation. 

The initial experiment on plasma naltrexone level kinetics at two 
different doee levels in the monkey did not yield any evidence of nonlinear 
pharmacokinetics since plasma naltrexone levels and areas under the 
curve were approximately proportional to dose (Table 111) even though 
the experiment waa not done in crossover fashion. However, this evidence 
is not conclusive and will be investigated in a more definitive manner. 

The experiment designed to determine the pharmacokinetic param- 
eters of naltrexone in the monkey from plasma level-time data yielded 
evidence of a very long terminal half-life in comparison to that found in 
the dog. However, when the terminal data point for Dog 103 was included 
in the data analysis, a half-life of 356 min for the terminal phase was 
obtained; this value is within the range of the terminal half-life values 
observed in the six monkeys (Table IV). Thus, these fmdings suggest that 
the terminal half-life for naltrexone is a t  least several hours in duration 
in both the dog and monkey. This result agrees with the results of Verebey 
et al. (2) obtained after oral administration of naltrexone in humans. A 
more accurate quantitation of this long half-life will require more plasma 
samples at various timea in the terminal phase and perhaps either a more 
sensitive assay for plasma naltrexone or the inclusion of urinary excretion 
data in the pharmacokinetic analysis. This terminal phase probably 
represents a rather small, slowly equilibrating compartment for nal- 
trexone. 
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Figure 5-Concentration ofnaltrexone in plasma as a function of time 
following an intravenous bolus dose (10 mglkg) in Monkey 6763. The 
regression line was obtained by a nonlinear least-squares method. 

The total body clearance of naltrexone was in the range of 51-55 
ml/min/kg in the dog and 40-100 ml/min/kg in the monkey. The calcu- 
lation of total body clearance was influenced mainly by the contribution 
of the initial (alpha) phase of the plasma level-time curve (Figs. 2-5) to 
the area under the curve and thus was not appreciably affected by the 
uncertainty of the estimation of the terminal phase half-life in the dog. 
Each of these values is higher than the respective liver plasma flow of 
15-25 ml/min/kg in the dog and 11-17 ml/min/kg in the monkey as well 
as the liver blood flow of 2 9 4 5  ml/min/kg in the dog and about 25 ml/ 
min/kg in the monkey (15). 

The fact that the total body clearance of naltrexone is greater than the 
liver plasma flow or blood flow in both species, coupled with the extremely 
low renal excretion of unchanged drug in monkeys (16) and dogs (Table 
II), suggests the existence of elimination pathways besides liver metab- 
olism and renal excretion. If such alternative eliminating organs are 
quantitatively important in humans, the calculations by Kogan et al. (17) 
of total body clearance and extent of first-pass metabolism of naltrexone 
(based on plasma level data after oral administration of naltrexone in 
humans) are erroneous since the calculation method is applicable only 
to drugs eliminated exclusively by renal excretion and hepatic metabolism 
(la). 
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Abstract The applicability of a pharmacokinetic model €or drug in- 
teractions by enzyme induction was tested in rhesus monkeys using a 
design in which both the inducer (carbamazepine) and the induced agent 
(clonazepam) were infused chronically. Two types of studies were con- 
ducted. Studies I and I1 examined the kinetic behavior of plasma clona- 
zepam levels during induction and postinduction, respectively. The ad- 
dition of carbamazepine (Study I) caused the preinduction clonazepam 
steady-state level to decrease exponentially to a lower (induced) steady 
state after lag times of 14.0-60.5 hr, and the removal of carbamazepine 
(Study 11) caused induced clonazepam steady-state levels to climb ex- 
ponentially to a higher steady state after lag times of 34.0-81.0 hr. The 
extent of induction ranged between 23 and 54%. The time course of clo- 
nazepam levels was described in terms of a one-compartment induction 
model with zero-order input and a metabolic clearance that increased 
(Study I) or decreased (Study 11) exponentially with time. In both studies, 
induced clonazepam half-lives (3.7-7.7 hr) were significantly shorter ( p  
< 0.0005) than control values (5.2-12.2 hr). Apparent enzyme turnover 
half-lives were shorter in Study I1 (2.7-19.3 hr) than in Study I (6.9-66.4 
hr). A two- to threefold increase in urinary excretion of D-glucaric acid 
during carbamazepine administration provided additional evidence that 
the present interaction was due to enzyme induction. 

Keyphrases Interactions-carbamazepine and clonazepam in mon- 
keys by enzyme induction, pharmacokinetic description Carbamaze- 
pine-interaction with clonazepam by enzyme induction, pharmacoki- 
netic description, monkeys Clonazepam-interaction with carbam- 
azepine by enzyme induction, pharmacokinetic description, monkeys 
0 Enzyme induction-pharmacokinetic description of carbamaze- 
pine-clonazepam interaction, monkeys 0 Pharmacokinetics-description 
of carbamazepine-clonazepam interaction by enzyme induction, monkeys 
a Models-drug interactions by enzyme induction, carbamazepine- 
clonazepam, monkeys 

Many drugs possess enzyme-inducing properties and 
thereby stimulate their own metabolism (autoinduction) 
and/or that of other drugs (heteroinduction). In humans 
and animals, experimental evidence for enzyme induction 
is often associated with decreases in plasma concentrations 
of the induced agent. Recently, a pharmacokinetic theory 

was proposed to describe the kinetics of plasma drug levels 
during auto- and heteroinduction (1). This theory proposes 
that the metabolic clearance of the induced species in- 
creases exponentially during induction. The time course 
of this increase in clearance is governed by the apparent 
turnover half-life of the induced metabolic enzyme($. 

The simplest and most critical experimental validation 
of this theory entails administration of both an inducer and 
an induced agent by constant rate intravenous infusion. 
Preliminary studies with this design were performed in 
monkeys using carbamazepine as the inducer and valproic 
acid and ethosuximide as the induced agents (2,3). Fol- 
lowing addition of carbamazepine, plasma levels of these 
two drugs decreased in an exponential fashion to a lower 
steady state, as expected. 

The present study, in addition to investigating shifts of 
steady-state levels during induction, focused on deter- 
mining control and induced half-lives of clonazepam. 
Furthermore, the hypothesis that removal of an inducer 
causes a return of metabolic clearance from an induced 
state to the basal state was tested by following increases 
in plasma clonazepam levels upon removal of carbamaze- 
pine. 

EXPERIMENTAL 

Animal Preparation-Five healthy male rhesus (Macaca mulatta) 
monkeys, 4.0-5.6 kg, were chair adapted for 1 month prior to surgical 
implantation of catheters at two different sites. The jugular and femoral 
veins were catheterized for drug infusion and blood sampling, respec- 
tively. Each monkey was maintained in a three-level restraining chair 
during individual studies and was given cage rest at appropriate intervals. 
Patency of catheters was assured by a slow, continuous saline infusion 
(1 mlhr) .  The daily diet consisted of fresh fruit (bananas, oranges, and 
apples) and monkey chow. 
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