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FOREWORD

With increasing frequency, Federal agencies are being called
upon to evaluate and develop new drugs and treatments for a wide
variety of diseases and related conditions. The so-called “orphan”
drugs, or drugs of little or limited commercial value, are being
shunned by the pharmaceutical industry, due primarily to the
ever-increasing developmental costs and risks associated with new
drugs. Thus, within the Public Health Service, a drug development
effort has emerged to fill this void.

The United States Congress has charged the National Institute
on Drug Abuse with the responsibility to develop and provide drug-
dependent people with adequate and, if necessary, new treatment
methods. Amongst the many approaches undertaken have been ef-
forts to develop drug therapies to serve as adjuncts to psychologic
and sociologic efforts. The two principal initiatives have focused on
the maintenance drug, levo-alpha-acetylmethadol (LAAM), and the
narcotic antagonist, naltrexone. The continuing accounts of mile-
stones in their development have been presented in numerous scien-
tific and medical articles and summarized in several volumes of
this Research Monograph series. We consider this volume to repre-
sent volume 5 in our series on Drug Development.

The first of this series, Monograph 4, Narcotic Antagonists: The
Search for Long-Acting Preparations, represented a status report on
early efforts to develop such a preparation for naltrexone. Mono-
graph 8, R,.:3x/Week LAAM, Alternative to Methadone, and Mono-
graph 9, Narcotic Antagonists: Naltrexone Progress Report, de-
scribed progress on LAAM and naltrexone, respectively, as the In-
stitute’s newly established drug development program was fully un-
derway. In a departure from these advanced developmental pro-
grams, basic concepts in the design of new agents was the subject
of Monograph 22, Quantitative Structure Activity Relationships of
Analgesics, Narcotic Antagonists, and Hallucinogens.

Previous volumes on naltrexone have detailed the conceptual ap-
proach to the use of a narcotic antagonist or agent that blocks the
effects of heroin or other opioids. Of the early drugs tested, naltrex-
one emerged as the most promising. It is currently under clinical



evaluation, with a strong likelihood of being marketed in oral form
within the next year or so. Although this will provide a blocking
drug with three-times-a-week dosage, it is felt that a longer-acting
drug or dosage form would be more desirable in the treatment of
narcotic addiction. It has been nearly five years since we published
Monograph 4. At that time we summarized many promising ap-
proaches and interesting leads. Some of these encouraged us to feel
that at least one of the preparations would be ready for clinical
trials within the near future. That day has continued to elude us,
but we are now much wiser and more experienced and presently
have a preparation in hand that awaits a clinical trial.

In this volume, we summarize the most promising of the ap-
proaches pursued over the past several years. General overviews of
the background for chemical and pharmacological decisions are
given. In addition, details of the analytical methods for measuring
naltrexone levels, the pharmacokinetics of naltrexone in test ani-
mals and man, and the development and manufacture of clinical
materials are presented. We expect this volume to help serve as a
guide to other efforts in the area of drug development for long-
acting drug preparations.

The Editors
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Naltrexone: Research Monograph 28
R. E. Willette and G. Barnett, eds.
National Institute on Drug Abuse, 1980

Historical Perspective on
the Chemistry and
Development of
Naltrexone

Sydney Archer

The first clinically useful narcotic antagonist was nalor-
phine. This compound was relatively weak, short-acting,
and produced a number of side effects, the most prominent
of which were psychotomimetic in nature. For these reasons
nalorphine did not qualify as a possible modality for the
treatment of heroin addiction. Cyclazocine is a totally syn-
thetic narcotic antagonist which is much more potent and
longer acting than nalorphine. It was the first compound
used by Martin in clinical trials in postadicts. However,
its dysphoric effects necessitated long induction periods and
these CNS effects precluded its use in long-acting delivery
systems. Naloxone was a ‘“pure” antagonist which did not
produce the psychotomimetic effects o either nalorphine or
cyclazocine. Although it is a potent antagonist when given
parenterally, it is shorter acting than cyclazocine. Replace-
ment of the N-allyl substituent of naloxone with the cyclo-
propylmethyl radical of cyclazocine led to naltrexone,
which is even more potent than either naloxone or cyclazo-
cine and has a longer duration than naloxone. Because of
this favorable combination of properties naltrexone proved
to be the drug of choice for inclusion in long-acting delivery
systems.

Although the first narcotic antagonist, N-allylnorcodeine (I), was
described by Pohl in 1915, the first important member of the class
of narcotic antagonists was nalorphine (II), an authentic sample of
which was prepared by Weijlard and Erickson in 1942 (1). Nalor-
phine showed no analgesic activity in the rodent laboratory assays

3



4 NALTREXONE SUSTAINED-RELEASE PREPARATIONS

in vogue at that time, such as the D’Amour-Smith test in rats and
the Eddy-Leimbach test in mice, but instead was found to antago-
nize the agonist effect of morphine (2,3). Until recently, it was used
as a clinical antidote for acute narcotism but was effectively re-
placed by naloxone as the drug of choice for this condition.

NCH,CH=CH, -CH,CH=CH,

In clinical studies designed to determine whether combinations
of nalorphine and morphine could produce analgesia with a re-
duced incidence of respiratory depression, Lasagna and Beecher (4)
reported that nalorphine when given alone was a potential analge-
sic in man. This clinical finding was confirmed by Keats and Tel-
ford who extended these studies to other narcotic antagonists and
found other examples which produced significant clinical analgesia
(5,6). Early studies on the addiction liability of nalorphine showed
that it produced neither physical nor psychic dependence after pro-
longed administration to postaddicts (7), although a later study
demonstrated that a mild physical dependence unlike that of mor-
phine could develop (8). The major drawback of nalorphine and its
other analgesically active congeners was that intense dysphoric
side effects were observed at or very near clinically effective doses
in a large fraction of patients. Thus these compounds were judged
to be clinically unacceptable as analgesics.

The importance of these observations lay in the fact that for the
first time it was found possible to divorce potent analgesia from
morphine-like addiction liability. In retrospect it is curious that
what proved to be such a seminal observation attracted so little at-
tention of medicinal chemists engaged in the synthesis of strong
analgesics. Two groups, one at the Sterling-Winthrop Research In-
stitute (9,10), and the other at the University of Rochester (11), in-
dependently embarked on the synthesis of narcotic antagonists
with the intention of finding a nonaddicting strong analgesic.

The Rochester group explored the tetracyclic morphinan series
while the Sterling-Winthrop group concentrated on the tricyclic
benzomorphan series, the chemistry of which was the subject of a
series of papers by E. L. May (12). The major obstacle to this ap-
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proach was the lack of a laboratory model which could detect agon-
ist activity in putative mixed agonist-antagonists. As a matter of
fact, very few laboratories were testing for narcotic antagonist
action and the chemists at Sterling-Winthrop were fortunate that
Harris and Pierson had developed a quantitative test for this type
of pharmacological activity (13). Quite fortuitously, Gates and
Archer discovered that they were working in the same area, and
the former accepted an invitation to have his compounds tested by
Harris and Pierson. The results of this collaborative effort were
published simultaneously in the Journal of Medicinal Chemistry
(10,11).

The most interesting member of the Gates series was cyclorphan
(IIT). This compound proved to be a potent antagonist in laboratory
animals (14) and man. Although psychotomimetic effects were ob-
served, they did not occur as frequently as with nalorphine (15). Cy-
clorphan was about forty times as potent as morphine on a milli-
gram basis, i.e., 0.25 mg of III provided analgesia equivalent to 10
mg of morphine.

CH N-R
N-CH,CH |
CHa CH3
HO

IV Pentazocine, R = -CH,CH=C(CH3),

IIT Cyclorphan ~CHa
y P YV Cyclazocine, R = CH,CH |

“CH,

The compounds which attracted the greatest interest in the ben-
zomorphan series were the weak antagonist pentazocine (IV), and
the powerful antagonist cyclazocine (V). Pentazocine was shown to
be about 1/3-1/6 as potent as morphine as an analgesic (16,17) with
reduced abuse potential (18) and with a reduced incidence of psy-
chotomimetic effects (16). Cyclazocine was a highly effective analge-
sic in man when given either orally or parenterally (15). It is a
potent antagonist with a long duration of action, a result that
could not be predicted from animal studies (19). Dependence studies
in postaddicts showed that after escalating doses of the drug over a
prolonged period of time, abrupt withdrawal produced a withdraw-
al syndrome different from that of morphine in that it was quite
mild and no drug-seeking behavior on the part of the addict was
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observed (20). Cyclazocine would have been an almost ideal analge-
sic except for the fact that a small but significant percentage of the
patients exhibited psychotomimetic effects at or near analgesic
doses. Tolerance to these effects appeared to develop on prolonged
administration.

Wikler (21) suggested that drug dependence evolves through a
series of several phases. At the beginning an individual may use
opiates to relieve daily tensions and discomforts. With each episode
of self-administration the habit is reinforced. As tolerance to the
drug develops, the effects of the opiate are reduced so that higher
doses are required to afford the same degree of relief. If the addict
fails to maintain an adequate drug intake his dependence is fur-
ther reinforced. He may then seek assistance in becoming detoxi-
fied or may attempt a self-induced withdrawal. In either case
marked physiological changes take place during the withdrawal
phase which may last for several months even when detoxification
occurs slowly. This will lead to drug-seeking behavior or recidivism.
Wikler feels that an extinction of drug-seeking behavior could be a
means of reversing the conditioned abstinence. This could be ac-
complished by blocking the relief obtained from use of opioids
during this critical period. One way to accomplish this goal is to
administer a substance with antagonist action which in itself does
not induce tolerance or dependence but which blocks the pharma-
cological effects of the opiates.

On the basis of these considerations Martin considered the use of
narcotic antagonists as a method for treating heroin dependence.
Nalorphine was the first candidate, but its short duration of action
and high incidence of dysphoria prompted Martin to select cyclazo-
cine for such a study (19). The rationale for the use of cyclazocine
was given by Martin as follows: “On the basis of our studies, 4 mg
per day of cyclazocine will provide protection against the euphoro-
genic actions of large doses of narcotics, prevent the development
of physical dependence, and will thereby control the pharmacologi-
cal actions which are held responsible for narcotic
addiction....There may be other benefits....Wikler stated that two of
the most important reasons for relapse of the abstinent narcotic
addict are conditioned abstinence, which may be evoked by stimuli
that have been associated with the addict’s hustling activity to ac-
quire drugs, and reinforcement of drug-seeking activity through re-
peated reductions of abstinence by drug. It is possible that in sub
jects who attempt to readdict themselves while receiving a narcotic
antagonist such as cyclazocine, there may be extinction of physical
dependence and drug-seeking behavior.”
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Martin, Gorodetzky, and McClaine (19), and Jaffe and Brill (22),
were the first to study cyclazocine as a modality for treating opiate
addicts. These early studies were promising enough to warrant fur-
ther clinical trials. Fink and his colleagues (23) succeeded in carry-
ing out a more rapid induction of cyclazocine than Jaffe and Brill,
who required 10-40 days to reach the 4.0 mg/day dose which was
necessary for effective clinical antagonism of 25 mg heroin chal-
lenges. The slow induction period was necessary in order to permit
the subjects to become tolerant to the agonist effects of cyclazocine.
Fink and his colleagues (23) found that induction could be effected
over a period of 4 days by using naloxone as needed to antagonize
the unpleasant effects of cyclazocine. The dose of cyclazocine was
increased by 1.0 mg/day when 600 mg of naloxone was available
every 4 hours. At a stabilized dose of 4.0 mg/day of cyclazocine the
subjects reported no effect from a challenged dose of a $20 quantity
of “street” heroin, a transient “buzz” from twice that amount, and
a mild euphoria from a $60 amount taken 12-14 hours after oral
administration of cyclazocine.

Naloxone (VI) was synthesized by Lowenstein and Fishman in
1960, and in 1961 Blumberg reported that it was a powerful narcot-
ic antagonist in animals (24). It was also reported that the com-
pound was inactive as an analgesic. Foldes (25) found that naloxone
was an active narcotic antgonist in man with none of the dysphoric
effects of cyclazocine. Although a 1.0 mg intravenous dose of nalox-
one could block the effects of a 25 mg heroin challenge, when given
orally 3.0 g/day were required (26) to block a 50 mg challenge given
24 hours after the administration of VI.

The principal shortcoming of naloxone is its short duration of
action. Blockade of a heroin challenge rarely exceeded one day so
that the omission of a daily dose allowed the subject to become
high on heroin.

On the basis of these early experiences it became clear that what
was needed was 1) a long-acting, potent, “pure” narcotic antagonist
and 2) a delivery system which would keep the subjects under con-
stant drug pressure.

L

HO 0 0 VI R = -CHZCHEI(_)IHZ Naloxone
2
VII R = CHyCH | Naltrexone
N
CH,

347-877 0 - 81 - 2
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The first of these requirements was met by naltrexone (VII) (27).
This compound is about twice as active as naloxone as an antago-
nist and inactive as an analgesic in the mouse. In the rat it showed
weak agonist action. Furthermore in man it was longer acting than
naloxone (28) and produced no unwanted side effects, thus elimi-
nating the need for an induction phase.

The problem of a suitable delivery system remains. On the basis
of a simple pharmacokinetic analysis it was concluded that a
system with a release rate which followed zero-order was more de-
sirable than one which manifested first-order kinetics (29). It would
also be desirable to have a delivery system whose matrix would bio-
degrade at approximately the same rate at which the drug was re-
leased so that when the administered dose of the drug was exhaust-
ed there would be no residual matrix left behind.

It was at this point in the history of the development of narcotic
antagonists that the National Institute on Drug Abuse stepped in.
Several contracts for the fabrication of long-acting biodegradable
naltrexone delivery systems were funded and long term toxicity
and pharmacokinetic studies on naltrexone were sponsored. As a
result of these efforts on the part of NIDA at least one system has
been brought to the point where a clinical trial may be initiated in
the foreseeable future.
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Treatment of Heroin-
Dependent Persons With
Antagonists: Current
Status

Pierre F. Renault

Naltrexone is an important new pharmacologic adjunct to
the treatment of heroin dependence. The development of
naltrexone has been nurtured in the mature recognition
that simple detoxification or simple opiate replacement
therapy is not appropriate for every heroin addict. Our cur-
rent data indicate that naltrexone is safe and effective. Its
use may be limited to a minority of addicts, those who are
highly motivated and opiate free, because patient compli-
ance has been a major problem with which clinicians using
naltrexone have had to contend. Patient compliance is a
problem, because there are no immediate consequences to
the patient for stopping his naltrexone regimen. Side effects
from naltrexone have been minimal and have occurred in a
minority of patients. They consist primarily of gastrointesti-
nal symptoms, including nausea and occasionally abdomi-
nal pain.

INTRODUCTION

Like many chronic diseases, heroin addiction is a complex condi-
tion to treat and a therapist treating heroin dependence must often
satisfy nonmedical authorities that his treatment will have an
impact on the “problem.” The “problem” of heroin dependence,
however, is not simply an individual behavioral problem but one of
cultural, historical, and socioeconomic dimensions, Thus, it i1s not
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uncommon for the effectiveness of a treatment to be measured
more in terms of its impact on crime rate or prevalence of heroin
addiction rather than the success in the treatment of afflicted indi-
viduals. This complexity has confused therapists and has left the
goals of individual treatment poorly defined. Conversely, the lack
of definition of treatment goals has encouraged unreasonable ex-
pectations of the treatment system and oversimplified conceptuali-
zations of the problem of heroin addiction. In spite of this, effective
treatment programs have been established and a majority of
heroin-dependent individuals who come for treatment can expect to
be helped.

The ultimate goal of treatment for heroin-dependent persons
should be the patient’s control over the use of the drug; however,
in the case of heroin, society has demanded that control be defined
as abstinence. This demand has led Governments to support detoxi-
fication programs, because detoxification is generally applicable,
low in cost, and it is the most immediate and direct way of disen-
tangling an individual from heroin. However, government empha-
sis on detoxification programs often betrays the oversimplified view
that heroin dependence is simply a pharmacologic problem. On the
contrary, heroin dependence involves every aspect of an individual
and his environment. Individual freedom of choice is undermined
by conditioned responses, pressures from peers, the social frustra-
tions which often seem to form the substrate of heroin use, and
subtle pharmacologic factors such as the intense craving associated
with protracted abstinence.

An often more realistic definition of control over drug use is the
elimination of dysfunctional drug use. Dysfunctional drug use has
been defined as drug use that results in physical, psychological,
economic, legal, and/or social harm or discomfort to the individual
user or to others affected by that drug user’s behavior. It is the dis-
comfort that drug use causes that brings an individual to treat-
ment, and the elimination of that discomfort should be the most
immediate treatment goal. It was this conceptualization of treat-
ment goal that nurtured the development of substitution or main-
tenance therapy of heroin addiction with methadone. Methadone
maintenance effectively returned the control of heroin to the indi-
vidual by decreasing craving and eliminating abstinence symptoms.
It also promoted functioning in normal society by decreasing the
frequency of drug taking, the disruption by drug effects, and the
difficulty and costs of obtaining drugs. Although it is clear that
methadone or levo-alpha-acetylmethadol (LAAM) maintenance does
decrease dysfunctional drug use, it is not applicable to all addicts.
Maintenance or stabilization treatment has only been used in
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chronic addicts where the prospects of total abstinence are poor.
However, many narcotic-dependent individuals desire total absti-
nence and find the concept of methadone maintenance unaccepta-
ble. Other individuals are currently abstinent but are in danger of
relapsing. Among the latter are those recently detoxified from
heroin addiction, or those who are being released from prison, or
even others who, in spite of prolonged abstinence, have been sud-
denly tempted to take heroin again by the pressures of emotional
turmoil or the ready availability of heroin in their immediate envi-
ronment. Finally, there are those individuals who have never been
dependent on heroin but are using the drug and, therefore, are at
risk of becoming dependent. Currently available treatments for
such individuals are limited and the pressures on the abstinent
addict to relapse are intense. These “abstinent addict” patients are
often strongly motivated to seek treatment and relapses often pro-
duce guilt and depression, but they are still unable to resist giving
in to the intense craving for heroin. They are strongly motivated,
but motivation simply is not enough. The recognition of the need to
broaden the spectrum of heroin dependence treatment to include
these patients has nurtured the development of narcotic antagonist
treatment.

THE CONCEPT OF NARCOTIC ANTAGONISTS

Narcotic antagonists are usually defined as chemical compounds
which block the effects of opiate drugs. Narcotic antagonists will
block the analgesia, the euphoria, and all the physiologic changes
such as pupilary constriction produced by agonist opiates. By block-
ing the effects of agonist opiates, narcotic antagonists also prevent
the development of physical dependence and tolerance to opiate
drugs.

Opiate drugs exist on a continuum with morphine, heroin, and
other agonists at one end and antagonists such as naloxone and
naltrexone at the other end. There are many well-known drugs
which fall between the pure agonists, such as heroin and morphine,
and the pure antagonists, such as naloxone and naltrexone. Drugs
such as pentazocine, cyclazocine, and nalorphine have mixed agon-
ist and antagonist effects. For example, pentazocine, a commonly
used analgesic drug, will precipitate the abstinence syndrome in an
individual who is physically dependent on heroin. Cyclazocine is a
potent antagonist, but the induction period is characterized by
agonist effects of a dysphoric nature. During the induction onto cy-
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clazocine, tolerance builds rapidly to the dysphoria, and not to the
antagonistic activity of the drug.

The blockade produced by narcotic antagonists is different from
that produced by disulfiram. Disulfiram (Antabuse) is a commonly
used drug for the treatment of alcoholism. It exerts its effect not by
blocking the effects of alcohol, but by interrupting the metabolism
of alcohol at the acetaldehyde stage. The build-up of acetaldehyde
produces severe symptoms of nausea, vomiting, and hypotension.
The knowledge that drinking will produce such symptoms may act
as a deterrent to further drinking for some alcoholics. Narcotic an-
tagonists exert their activity by blocking the access of agonists to
the opiate receptor sites at the molecular level. Antagonists do not
produce symptoms when an agonist is administered. Rather, when
opiate receptor sites are occupied by an antagonist, opiate agonists
simply have no pharmacologic effect.

Although narcotic antagonists do not produce symptoms when
they are used in the treatment of heroin dependence, they will pre-
cipitate an abstinence syndrome in individuals who are physically
dependent on an opiate drug. By virtue of their greater affinity for
the opiate receptors, they will displace opiate agonists from the re-
ceptor sites. A heroin addict must be detoxified before he can be
treated with a narcotic antagonist. Once completely free of opiate
drugs, however, no symptoms will be produced by the administra-
tion of a narcotic antagonist.

The theory underlying narcotic antagonist treatment of heroin
dependence is based on the concept of extinction. This assumes
that the euphoriant effects of opiate drugs reinforce the self-admin-
istration of these drugs. If an ex-addict is given a narcotic antago-
nist and he takes an agonist drug, he will experience no effect, i.e.,
no euphoria. This lack of reinforcement will gradually result in the
extinction of heroin self-administration (1-3).

The concept of narcotic antagonist treatment has been criticized
on the basis that since these drugs do nothing “positive” for an in-
dividual (the only subjective effect is the absence of an effect when
an antagonist such as heroin is taken) and there are no pharmaco-
logic consequences (such as withdrawal symptoms) for not taking
an antagonist, compliance with a treatment program employing a
narcotic antagonist drug will be quite low. Compliance is a problem
with medications for most chronic conditions where the medication
is given to prevent the progression of the disease rather than to al-
leviate a symptom which would recur if the medication were not
taken.

At least three solutions have been proposed to meet this objec-
tion. It has been proposed that naltrexone be administered in a
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long-acting form. Sustained action preparations lasting up to a
month or more could be developed. Another suggestion has been
that external coercion be used to force individuals to comply with a
narcotic antagonist regimen. For example, individuals released on
parole from the civil justice or civil commitment system could be
threatened with reincarceration for lack of compliance. Prisoners
in a work release program could be required to take a narcotic an-
tagonist prior to leaving the prison to work each day. Finally, some
have suggested that an antagonist be sought which would have
some agonistic euphoriant properties, a mild euphoriant effect
which would not be disruptive or lead to dysfunctional drug use
but which would act as a reinforcer and encourage compliance.

THE DEVELOPMENT OF NALTREXONE

In the beginning of this decade, the decision was made to encour-
age the development of a narcotic antagonist to be used in the
treatment of heroin dependence. Available compounds included na-
loxone, cyclazocine, and naltrexone. Both naloxone (4-6) and cycla-
zocine (3,7-9) were tested in clinical trials. Both of these drugs
proved to be excellent antagonists but both had drawbacks. Cycla-
zocine was limited because of dysphoric side effects during the in-
duction period. Naloxone is a pure antagonist, and thus, it is free
of side effects, but lacks potency when administered orally. Finally,
naltrexone was selected for development. Naltrexone is a potent
narcotic antagonist. It has a long duration of action, up to 3 days
following one oral dose. It is devoid of agonist activity and thus the
induction phase is virtually asymptomatic. Martin et al. (10) found
that a 50 mg oral dose of naltrexone will block the subjective ef-
fects of 25 mg of morphine for 24 hours and that it will attenuate
the development of physical dependence. O’Brien et al. (11) report-
ed that the blockade produced by a 120-200 mg dose of naltrexone
at 48 hours was not absolute, but was sufficient that subjects dis-
continued self-injection of 1-4 hydromorphone (Dilaudid). Resnick et
al. (12) reported complete blockade of the agonist effects of 29 mg of
intravenous heroin 24 hours after a 50 mg or larger dose of nal-
trexone, and 48 hours after 120 mg or larger dose. They also found
some individual variability, i.e., one patient required 200 mg (their
maximum dose) to achieve 24-hour blockade. Finally, Martin et al.
(10) demonstrated that tolerance does not develop to the antagonis-
tic action of naltrexone.

The drug development process in the United States requires ex-
tensive animal toxicity testing followed by phased human clinical
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trials. Most of the required animal toxicity testing of naltrexone
has been completed. Phase I human trials involve the basic phar-
macology of the drug in humans, such as the work reported by
Martin. Phase II involves the testing of the drug in otherwise
healthy heroin-dependent males. Phase II clinical testing of nal-
trexone was organized into two cooperative studies.

The first cooperative study was a fixed dose, randomly assigned,
prospective, double-blind comparison of naltrexone and placebo
conducted in five clinics following three protocols. In all, 192 pa-
tients participated; 94 were randomly assigned to naltrexone and
98 to placebo. The three protocols were determined by patient char-
acteristics. In one protocol, street addicts were detoxified from
heroin and placed on naltrexone or placebo. In the second protocol,
individuals were placed on naltrexone or placebo immediately after
detoxifying from methadone maintenance; and in the third proto-
col, postaddicts from the criminal justice system were placed on
naltrexone or placebo. The other cooperative study involved a
loosely-knit group of 12 clinics, which followed a variety of proto-
cols, but used a uniform data collection system. These studies were
largely open and uncontrolled. They were intended to gain clinical
experience with naltrexone and the data collected was useful pri-
marily as an investigation of the safety of the drug in comparison
with the safety results reported in the double-blind study. In all,
1,005 patients participated in this study, 10 of whom were female.
Another important difference between the two studies was that
dropouts could reenter the open study.

Both cooperative studies have been completed, and the results
are available. Both show naltrexone to be safe. There were no drug-
related medical problems in the double-blind study. In the open
study, one individual developed idiopathic thrombocytopenic-purpu-
ra which may have been the result of sensitivity to naltrexone.
Fifty-three of the 1,005 cases were terminated for “medical rea-
sons,” none of which were clearly drug-related. (In the double-blind
study, five of the 98 placebo-medicated patients were terminated
for “medical reasons.”) No subjects in either study were dropped
because of serious deviation in a clinical laboratory determination.
In the double-blind study, four laboratory parameters statistically
differentiated the naltrexone group from the placebo group. How-
ever, none of the differences in hemoglobin, total protein, bilirubin,
and urine red blood cells were of a clinically significant magnitude.
Only a slight increase in bilirubin was also found in the open
study. Again, this was not clinically significant. The naltrexone
group did have more side effects. These consisted primarily of gas-
trointestinal complaints, such as nausea and abdominal pain.
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There were also more complaints of headache and skin rash.
Again, these side effects were of low incidence and the safety data
have been judged to support the conclusion that naltrexone has a
wide margin of safety for clinical use.

The Phase II clinical trials did show the anticipated poor compli-
ance with naltrexone. And, although retention rate tended to be
better and the use of narcotic drugs tended to be less in the nal-
trexone group compared to the placebo group, these differences,
when compared individually, were not statistically significant.

Since the theory behind narcotic antagonist treatment involves
extinction and the concept of extinction implies some use of narcot-
ic drugs, a subsample of those individuals who had at least one
urine sample positive for morphine and/or methadone was studied.
Only 17 of the naltrexone and 18 of the placebo subjects actually
tested the blockade by using an opiate agonist (heroin or metha-
done). But, in this subsample, the naltrexone patients had signifi-
cantly fewer subsequent urines positive for methadone or morphine
and this difference was statistically significant. Also, the pattern
between the two groups was different. The pattern in the naltrex-
one group was to test once or twice with heroin or methadone and
then to stop. The use of these drugs in the placebo group was spo-
radic during the entire course of treatment. Thus, it seems clear
that naltrexone can prevent impulsive heroin use in motivated pa-
tients from becoming a full-fledged relapse to chronic heroin de-
pendence.

A very interesting finding from the double-blind study deserves a
special note. During the course of the study, subjects were adminis-
tered a craving scale. This was an analogue scale on which subjects
rated the amount of craving they felt at the time. Response on this
instrument was variable, but the naltrexone patients reported sta-
tistically significantly less craving toward the end of their evalua-
tion than did the placebo-treated patients.

CLINICAL USE OF NALTREXONE

Naltrexone is administered orally either in liquid or solid (cap-
sule) form. The capsule is preferable, because naltrexone has an ex-
tremely bitter taste. However, there is some slight danger of diver-
sion when capsules are used, and the liquid formulation was used
in most clinical trials to ensure that the subjects actually ingested
the administered dose. The frequency of administration is either
daily or three times a week. The daily dose is 50 mg and the dosage
for a three-times-a-week regimen is 100 mg on Monday and
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Wednesday and 150 mg on Friday. Both of these regimens had been
found to provide an adequate blockade for the heroin used in the
United States.

Postaddicts who are not currently physically dependent have
generally been inducted onto naltrexone by 10 mg increments until
50 mg daily is reached. Then, they have been converted to a 100-
100-150 mg regimen. However, some clinicians feel that an induc-
tion period onto naltrexone is unnecessary in the postaddicted pa-
tient.

Patients who are currently physically dependent on an opioid
drug must first be detoxified before they can be put on naltrexone.
The selection of a method of detoxification is up to the individual
clinician. Once the patient has been detoxified, it has been custom-
ary to administer a small amount of naloxone intravenously to be
certain that the patient is no longer physically dependent. Thomas
et al. (13) suggest 0.8-1.2 mg intravenously. If there is no response
to this dose of naloxone, induction on a full dose of naltrexone
should be without discomfort.

The clinic setting in which naltrexone is administered is critical
to the success of the treatment. It should be recognized that nal-
trexone is not a treatment in itself. It is a pharmacologic adjunct to
treatment. The actual treatment consists of the efforts made by the
staff to help the individual patient alter his lifestyle so that he can
function successfully in normal society apart from the drug-abusing
subculture. It is not appropriate in this paper to enter into a
lengthy discussion of clinic milieu, psychotherapeutic techniques,
and rehabilitative measures that can be employed with heroin-de-
pendent individuals. Suffice it to say that in the United States, the
tendency has been to create a supportive and permissive milieu
where individuals are strongly encouraged to remain on naltrexone
until they have significantly altered their lifestyle.

There are three types of patients for whom naltrexone seems
particularly well suited. These are adolescent heroin users, “absti-
nent” addicts at risk of recidivism, e.g., individuals recently re-
leased from prison, and patients recently detoxified from metha-
done maintenance. Adolescents will have had a relatively short ex-
perience with opiate drugs. Many may be experimenters with
heroin and not physically dependent. Those who are physically de-
pendent will have been so for only a relatively short period of time.
All these individuals are at risk of becoming chronically heroin de-
pendent. Currently, there is no available pharmacologic adjunct to
assist in the treatment of adolescent heroin users. Prisoners who
have been recently paroled have, presumably, been narcotic free
for the duration of their incarceration. However, it is well known
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that upon reentering their old environment, these postaddicts are
at risk of becoming readdicted. Often, the sequence of events begins
with an impulsive dose of heroin which leads precipitously to the
reestablishment of old behavioral patterns and compulsive heroin
use. Within the criminal justice system, naltrexone may also make
a significant contribution to work release programs. Naltrexone
may make it possible for addicts to participate in such programs
and thereby facilitate their rehabilitation (14). Patients recently de-
toxified from methadone maintenance are also known to be vulner-
able to relapse. There is evidence that this vulnerability may have
a pharmacologic basis (15). In the future, naltrexone may form the
basis of a comprehensive after-care program for methadone mainte-
nance patients which will carry them through this period of phar-
macologic vulnerability.

Noticeably absent from this list are freshly detoxified heroin-de-
pendent individuals. The experience in the United States during
Phase II clinical testing indicated that the motivation in this group
was less than that of the other groups tested as measured by their
compliance. Admittedly, this may not be true in other treatment
situations. The heroin-dependent individuals, who were treated
with naltrexone in the Phase II clinical trial, were free to leave at
any time, and had no incentive or social constraint to encourage
them to remain on naltrexone for sufficient time to participate
fully in the clinic’s treatment program. The problem of compliance
is not unique to naltrexone. It is common in all of medicine, but
especially with medications administered to asymptomatic individ-
uals who have a latent form of a disease. A convenient analogy is
that of antihypertensive medication. It is a human characteristic to
forget the pain and the symptoms which led one to treatment, as
soon as those symptoms are eliminated by the treatment.

The problem of compliance with naltrexone treatment has led to
two basic philosophies underlying the clinical use of naltrexone.
Naltrexone has been conceived as a maintenance drug which an in-
dividual takes continuously for a year or two or perhaps indefinite-
ly. Naltrexone has also been conceived as a crisis medication to be
used by individuals whenever they feel at risk of resuming heroin
use. Maintenance on naltrexone appears to be essential for the ma-
jority of patients. As a maintenance drug, naltrexone offers protec-
tion against the impulsive drug use which can easily lead to the
resumption of chronic heroin dependence. On the other hand, when
there are few incentives to continue naltrexone use, the problem of
compliance often interferes with maintenance. Thus, from a practi-
cal point of view, only a minority of patients will use naltrexone as
a maintenance drug. Most patients tend to drop out of treatment
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prematurely, but many return requesting a resumption of naltrex-
one treatment when they experience themselves relapsing. The
problem of compliance has encouraged the free use of clinics and
naltrexone for support during crises. However, the recognition of
the danger of relapse requires a level of maturity, self-reliance, and
insight which is not characteristic of most patients.

THE FUTURE OF NALTREXONE

The immediate future of naltrexone will be the completion of
Phase III clinical trials and the eventual marketing of the drug for
general use. However, even with the marketing of naltrexone, sev-
eral important research issues will remain.

We must improve our ability to select patients for naltrexone
treatment. This is part of a broader issue which includes all forms
of opiate addiction treatment. We are still unable to characterize
those individuals who do best with the currently available treat-
ment modalities.

An exciting area of research will be on the effects of naltrexone
on the endorphin system. The fact that in the Phase II double-blind
study, naltrexone appeared to decrease craving suggests that it
may have a “healing” effect on the endorphin system. It may well
be that endorphins serve an important function in the regulation
of mood and sense of well-being. It also seems possible that pro-
longed use of heroin may atrophy this system and the subsequent
disruption in mood and sense of well-being may be the basis of pro-
longed craving in addition to the known pharmacologic phenom-
enon of prolonged abstinence. It would be of the utmost importance
if naltrexone proved to be not only a protection against impulsive
heroin use, but also directly beneficial by helping to reverse heroin-
induced atrophy in the endorphin system.

Along with the development of oral naltrexone, sustained action
preparations are also being developed. These are injectables which
can be removed if necessary. Their planned duration of action will
be approximately one month. However, none has been tested in
man as yet. Sustained action preparations have been regarded as a
solution to the problem of compliance; but, even monthly injections
will require patient compliance. Their most serious disadvantage is
that they will block narcotic analgesia and therefore must be re-
movable or overridable in the event of severe pain (16).
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CONCLUSION

The immediate future of naltrexone will be the completion of
clinical testing and the marketing of naltrexone for general use.
However, broader research questions also remain. Who are those
patients likely to benefit from narcotic antagonist treatment? Is
naltrexone the “ideal” antagonist? Naltrexone was chosen for its
lack of agonistic properties which were experienced as dysphoric
side effects in the case of cyclazocine. But, would an antagonist
with some reinforcing euphoric agonistic properties be more accept-
able to patients and, therefore, effective in a larger population of
patients? Does a pure antagonist such as naltrexone have a “heal-
ing” action on the disequilibrated endorphin system? What are the
effects of naltrexone on protracted abstinence? Is naltrexone best
viewed as a maintenance or a crisis drug? Answers to these ques-
tions will come as this important technical advance is used more
widely by thoughtful clinicians.
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An Electron-Capture Gas
Chromatographic Assay
for Naltrexone in Biological
Fluids

R. H. Reuning, S. B. Ashcraft, and B. E. Morrison

The electron-capture gas chromatographic assay for naltrex-
one is an adaptation of the method published originally by
Sams and Malspeis (1). The current methodology, described
in detail, consists of an extraction procedure, derivatization
to form an electron-capturing triester, and gas chromato-
graphy using an OV-17 column. Extraction efficiencies indi-
cate that either benzene or 0.25% butanol in cyclohexane
used as the organic phase yields maximal extraction of nal-
trexone and minimal extraction of most naltrexone metabo-
lites. Methylene chloride, on the other hand, yields an opti-
mal combination of clean chromatograms and high extrac-
tion efficiencies for both naltrexone and its metabolites.
Derivatization with either heptafluorobutyric anhydride or
pentafluoropropionic anhydride together with a basic cata-
lyst yields a triester derivative. Use of an OV-17 chromato-
graphic column with electron-capture detection permits
assay of naltrexone specifically with respect to known meta-
bolites. One minor metabolite, 2-hydroxy-3-O-methyl-f3-nal-
trexol could interfere with naltrexone quantitation if pres-
ent in sufficient quantities. This interference could readily
be detected if it were to occur. Data on the reproducibility
of this assay procedure indicate that it is sensitive to a con-
centration of 0.25 ng/ml plasma.
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INTRODUCTION

The growth of knowledge concerning naltrexone metabolism and
pharmacokinetics has been dependent on the ability to assay nal-
trexone and its metabolites in biological fluids in a specific
manner. The relatively high potency and extensive degree of me-
tabolism of this compound present a significant analytical chal-
lenge in terms of the sensitivity and specificity needed for unambi-
guous metabolic and pharmacokinetic studies. It was recognized
early that only a few techniques were likely to have the necessary
sensitivity and specificity; these being radiotracer assay, electron-
capture gas chromatography (GLC-EC) and mass fragmentography.

The purpose of this report is to summarize several years of expe-
rience with a GLC-EC assay for naltrexone developed originally by
Sams and Malspeis (1). The current assay procedure will be de-
scribed in detail in the Experimental section and research connect-
ed with each phase will then be reviewed.

EXPERIMENTAL

Reagents and Glassware

Naltrexone reference standard, naloxone reference standard and
naltrexone hydrochloride were obtained from Endo Laboratories
(Garden City, NY) and used without further treatment. Pentafluor-
opropionic anhydride (PFPA), obtained from PCR, Inc. (Gainesville,
FL), was redistilled if derivatization and GLC-EC analysis of nal-
trexone and related compounds yielded unsymmetrical peaks or
blank peaks which would interfere chromatographically. When
necessary, PFPA was redistilled into 0.5°C fractions between 70°
and 74°C. The purity of each fraction was checked by the above
procedure. The catalyst 4-dimethylaminopyridine (DMAP), from
Tridom/Fluka (Montreal, Canada), was recrystallized at least four
times from benzene.

High purity “Distilled-in-Glass” solvents (Burdick-Jackson Labo-
ratories, Inc., Muskegon, MI) were used for extraction and stock so-
lution preparation and all other chemicals were reagent grade.

Glassware was soaked overnight in sulfuric acid-nitric acid (4:1),
washed with Alconox and rinsed with distilled water. After drying
at 110° for several hours the glassware was dipped in a 1% solution
of Dri-film SC-87 (Pierce Chemical Co., Rockford, IL) in toluene for
1 minute and then dried again at 110° for several hours. The glass-
ware was then washed again, rinsed with double distilled, deminer-
alized water, and dried.
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Extraction

Naltrexone assays are generally carried out in either a 10-100
ng/ml range or a 1-10 ng/ml range with differing standard curves
for each range. An appropriate amount of a solution of naloxone
internal standard (60 ng or 6 ng, respectively) in methanol is
placed in each screw-capped test tube, and the methanol is evapo-
rated under mild heat and nitrogen. Samples of plasma or urine
containing naltrexone, generally 0.5 ml for the high concentration
range and 2.0 ml for the low range, are then added. When dilution
is needed for samples to be assayed within the range of the stand-
ard curve, plasma samples are diluted appropriately with blank
plasma and urine samples with distilled water. The sample is then
supplemented with 0.5 g sodium chloride (1.0 g if the 2.0 ml sample
volume is used), 2.5 ml phosphate buffer, pH 10.4 (2), and 5.5 ml
organic solvent (benzene, ethyl acetate, methylene chloride or
0.25% (v/v) butanol in cyclohexane). After shaking for 15 minutes
and centrifuging, the organic layer is transferred to a tube contain-
ing 1 ml 0.1 N sulfuric acid. After shaking and centrifuging, the
organic layer is discarded. The acid is then washed with 5.5 ml or-
ganic solvent and the organic phase is aspirated off. The acid layer
is supplemented with 0.5 g sodium chloride and 2.5 ml of the same
phosphate buffer and this mixture is then extracted with 5.5 ml or-
ganic solvent. The organic solvent is transferred to another tube
and evaporated to dryness. The uncapped tubes are then placed in
a vacuum desiccator until further analysis (at least 16 hr).

Derivatization and Gas Chromatography

The residue in each tube from the extraction procedure is dis-
solved in 50 pul benzene containing 1% DMAP and then treated
with 25 pl PFPA for 1 hr. at 68” in an oil bath heating block (Lab-
Line Instruments, Inc., Melrose Park, IL). After cooling in an ice
bath the excess reagents are removed by adding 5 ml of a saturated
solution of sodium tetraborate, rotating on a Labquake mixer (La-
bindustries, Inc., Berkeley, CA) for 3 min and then centrifuging for
4 min. When a series of samples is assayed, each sample is washed
with the sodium tetraborate individually just prior to injection of a
1-3 p1 aliquot of the separated benzene phase onto the gas chroma-
tographic column.

The naltrexone derivatives are chromatographed on a Hewlett-
Packard (Palo Alto, CA) 5713A gas chromatograph with a ®Ni-elec-
tron-capture detector. The coiled glass column, 2 mm internal di-
ameter and 2.4 m in length, is packed with 3% OV-7 on 100-120
mesh Gas Chrom Q (Applied Science Laboratories, State College,
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PA). The temperature settings are: oven, 203°; injection port, 250°;
and detector 300°. The argon-methane (95:5) carrier gas flow rate is
about 28 ml/min.

Standard Curve

A standard curve is run on each day of analysis. Prior to the ini-
tial addition of blank plasma or urine, appropriate known amounts
of naltrexone in methanol are added to five separate tubes so that
a standard curve over the desired concentration range is obtained.
These standards are then supplemented with plasma or urine and
assayed in the same run with the experimental plasma and urine
samples. Blank plasma or urine samples are also carried through
the assay procedure. Standard curves are constructed by plotting
the peak height ratio (naltrexone/naloxone) as a function of the
amount of naltrexone added.

Assay of B-naltrexol and Conjugated Metabolites

The naltrexone metabolite, B-naltrexol, can also be assayed in
plasma or urine by the procedure just described. One of the more
polar extracting solvents is necessary and the standard curves for
both naltrexone and [-naltrexol are obtained from samples con-
taining known amounts of both compounds.

Conjugates of naltrexone and B-naltrexol can be determined by
assay of the sum of the levels of either compound plus its respec-
tive conjugates and then subtracting the appropriate assayed value
for unconjugated naltrexone or B-naltrexol (3). When assaying for
the total of conjugated and unconjugated compound, urine or
plasma samples are incubated at 37° for 24 hrs with 2 volumes of
Gluculase (Endo Laboratories, Garden City, NY) that has been di-
luted 1:10 with 0.2 M acetate buffer, pH 5.0 (4). Experiments with
samples of plasma and urine (dog and monkey) containing naltrex-
one conjugates have shown that neither longer incubation time nor
higher enzyme concentration results in any further conjugate hy-
drolysis.

RESULTS AND DISCUSSION

Standard Curves

Linear standard curves with very high correlation coefficients
(rZ 0.998) and essentially zero intercepts are generally obtained
when naltrexone in either the 10-100 ng/ml or the 1-10 ng/ml
range is assayed in plasma or urine from monkey, dog and rabbit.
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The sensitivity limit for naltrexone is less than 1 ng/ml. B-nal-
trexol yields similar standard curves except that the correlation co-
efficient is often lower (r Z 0.980) and the sensitivity limit is about 2
ng/ml. A typical chromatogram (figure 1) illustrates that blank in-
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FIGURE 1. Gas chromatogram of an extracted and PFPA-derivatized plasma sample
(monkey) to which 30 ng naloxone, 3.5 ng B-naltrexol and 35 ng naltrexone were
added. A is the naloxone (internal standard) derivative, and B and C are the B-

naltrexol and naltrexone derivatives, respectively.
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terference is generally negligible and that both naltrexone and 8-
naltrexol can be quantitated from a single chromatogram.

Derivatization and Gas Chromatography

It has been shown previously (1,3) by mass and infrared spec-
trometry that derivatization of naltrexone with either PFPA or
heptafluorobutyric anhydride (HFBA) in the presence of a basic
catalyst yields the triester derivative, presumably at the 3, 6 and
14 positions (note scheme 1). This complete derivatization provides
maximal electron-capture sensitivity and avoids potential assay
error due to varying degrees of incomplete derivatization. In the
presence of catalyst, derivatization times longer than 1 hr do not
result in any further esterification (1). Available evidence would
suggest, however, that there is incomplete esterification if the cata-
lyst is not added (1). Of those catalysts that have been tried (e.g.,
several concentrations of pyridine, triethylamine, and DMAP) the
1% DMAP appears to be optimal in that it yields both complete
derivatization and chromatograms with minimal blank interfer-
ence. It is important, however, that the DMAP be recrystallized
several times in order to obtain chromatograms with low blank in-
terference. Chromatograms from PFPA derivatization generally
have less blank interference than those from HFBA.

SCHEME 1
N CH;
o 4
N/ &
OH o O

Once the ester derivatives of naltrexone are formed, the excess
anhydride and catalyst must be removed. Because of the presence
of catalyst, it is not possible to do this by evaporation. Thus, the
borate wash is used to remove both the anhydride and catalyst.
Sams and Malspeis (1) have shown that both the
pentafluoropropionate and the heptafluorobutyrate derivatives are
sufficiently unstable after the borate wash that samples should be
chromatographed as soon as possible. Thus, in the procedure de-
scribed in the Experimental section each sample is individually
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washed with the borate solution, separated and chromatographed
immediately. This procedure is necessary to obtain reproducible re-
sults with the naltrexone assay described herein. The instability of
the derivatives after the borate wash precludes automation of the
chromatography portion of the assay procedure.

Chromatographic conditions have been optimized for sensitivity
and for specificity with respect to known naltrexone metabolites.
Various percentages of the following column packing materials
have been tried; OV-1, OV-17 and SE-30 on Gas Chrom Q (Applied
Science Laboratories, State College, PA). Various temperature set-
tings for the oven as well as temperature programming have also
been attempted (1). The best separation of derivatized naltrexone
and its known metabolites was obtained with a 2.4 m column
packed with 3% OV-17, together with the other conditions de-
scribed in the Experimental section. An illustration of the results
obtained when known amounts of derivatized naltrexone and its
unconjugated metabolites are chromatographed is shown in figure
2. The retention times are as follows: naloxone (internal standard),
5.1 min; B-naltrexol, 7.2 min; a:--naltrexol, 7.8 min; 2-hydroxy-3-O-
methyl-B-naltrexol, 7.9 min; naltrexone 8.3 min; 2-hydroxy-3-O-
methylnaltrexone, 9.0 min; 3-O-methyl-B-naltrexol, 12.1 min. The
derivatized a-naltrexol was omitted from figure 2 because the re-
tention time was so close to that of derivatized 2-hydroxy-3-O-
methyl-B-naltrexol.

In monkey the only metabolite that has been found to be present
in appreciable quantities in blood and urine is B-naltrexol. This is
fortunate since relatively high levels of 2-hydroxy-3-O-methyl-B-nal-
trexol could potentially interfere with the naltrexone assay. Stud-
ies in which standards containing both of these compounds in vary-
ing ratios were derivatized and chromatographed indicate that
when the peak height ratio of naltrexone to 2-hydroxy-3-O-methyl-
B-naltrexol is =5:1 the error in the assay of naltrexone is less than
3%. If the ratio is 2:1 the error is 9% and a ratio of 1:1 yields an
error of 21% in the naltrexone assay (5). However, this metabolite
appears to be a minor metabolite in man (6) and has not been ob-
served in significant amounts in plasma samples from monkeys ad-
ministered single intravenous or oral doses of naltrexone nor in
plasma or urine samples from dogs administered naltrexone intra-
venously. In an unusual application of this assay, a peak corre-
sponding to the retention time of derivatized 2-hydroxy-3-O-methyl-
B-naltrexol was observed in the assay of 1- and 24 hr plasma sam-
ples from monkeys dosed chronically with oral naltrexone, 1 to 20
mg/kg/day, for 52 weeks (7).
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FIGURE 2. Gas chromatogram of a derivatized sample spiked with naltrexone,
naltrexone metabolites and internal standard. A = naloxone (internal standard), B
= [B-naltrexol, C = 2-hydroxy3-O-methyl-B-naltrexol, D = naltrexone, E = 2-
hydroxy-3-O-methylnaltrexone, F = 3-O-methyl-B-naltrexol. The dashed curve
represents derivatized blank solvent.

Extraction

Organic solvents that have been investigated for the extraction
procedure include benzene, methylene chloride, ethyl acetate, cy-
clohexane, 0.5%, 0.75%, 1%, 2%, 5%, 10% and 15% (v/v) isopro-
panol in cyclohexane, and 0.1%, 0.25% and 0.5% (v/v) n-butanol in
cyclohexane. Of these solvents, the four that yield an optimum
combination of high naltrexone extraction efficiency and a low
degree of blank interference are benzene, methylene chloride, ethyl
acetate and 0.25% (v/v) n-butanol in cyclohexane. Although ethyl
acetate has been used extensively in previous investigations, it has
been abandoned because of occasional blank interfence, variability.



TABLE 1. Extraction Efficiencies of Naltrexone and its Metabolites in the Naltrexone Assay Procedure
Percentage Extracted?
(S)rglganic Sample 2-Hydroxy-3-0
olvent Medium 2-Hydroxy-3-0- methyl-g-
Naltrexone [3-Naitrexol «-Naltrexol methylnaltrexone naitrexol
Benzene Dog plasma 70(4) 19 — - -
Dog urine 72 42 62 — —
Monkey plasma 74(7) 30(3) — — —
Monkey urine — — 71(2) 103(4) 94(7)
Ethyl Acetate Dog plasma 99(7) 80 — — —
Monkey plasma 87(8) — — — —
Monkey urine — — 64(5) 86(0.6) 65(13)
Methylene Chloride Dog Ptasma 93(10) 73(10) 70(10) 78(6) 86(2)
0.25% (v/v) Butanol in Dog Plasma 52(6) 1(1) 0(0) 75(11) 19(0)

Cyclohexane

*Mean values reported if more than one measurement. Standard deviation in parenthesis.
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in duplicate assays, and low correlation coefficients for the stand-
ard curve.

Extraction efficiencies have been reported in detail elsewhere
(3,4,5) and only mean values for the final organic solvents chosen
are reported in table 1. It is evident from these results that ethyl
acetate and methylene chloride yield very high extraction efficien-
cies for both naltrexone and its metabolites. Thus, since methylene
chloride yields less day-to-day variability in assay performance, this
solvent appears to be optimal when assays for both naltrexone and
B-naltrexol and perhaps other metabolites are desired. The solvent
that is most selective for unchanged naltrexone is 0.25% (v/v) buta-
nol in cyclohexane. This solvent is particularly advantageous with
respect to the metabolite 2-hydroxy-3-O-methyl-B-naltrexol which
could interfere with naltrexone quantitation if it were present in a
sufficiently high ratio to the naltrexone level. Morphine, which
may be present in biological samples from certain types of studies
on naltrexone (such as sustained release naltrexone evaluation in
self-administering monkeys), is not extracted by either benzene or
0.25% (v/v) butanol in cyclohexane (5).

General Aspects

Because of the requirement of sub-nanogram sensitivity for many
applications of this assay, several tedious and exacting procedures
are necessary. A troubleshooting list for the procedure could in-
clude the following: impure derivatizing agent, impure catalyst, sol-
vents not of the highest quality available, deteriorated coating solu-
tion for the glassware, deterioration of organic extracting solvents
presumably due to absorption of water, insufficient drying of the
residue from the extraction procedure prior to derivatization, and
deterioration of chromatographic columns with repeated use. How-

TABLE 2. Accuracy and Reproducibility of the
Naltrexone Assay Procedure

Concentration of Mean naltrexone Coefficient

Naltrexone added Concentration of

to plasma (ng/ml) assayed (ng /ml)® variation (%)
20° 20.0(10) 4.6

5¢ 4.93(10) 9.0
0.5° 0.50(8) 9.1
0.25° 0.26(9) 215

“Number of replicates in parentheses.
®One-half ml monkey plasma was used.
“Two ml monkey plasma was used.
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ever, patience and diligent attention to detail can result in the ac-
curacy and reproducibility exemplified in table 2. Since most
assays are done in duplicate, the use of the assay on experimental
samples should be even better than the results in table 2 suggest.
Thus, for most applications the sensitivity limit of this assay is 0.25
ng/ml for naltrexone in plasma.
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Quantitative Determination
of Naltrexone, 6R-Naltrexol
and 2-Hydroxy-3-Methoxy-
6R-Naltrexol (HMN) in
Human Plasma, Red Blood
Cells, Saliva and Urine by
Gas Liquid
Chromatography

Karl Verebey

Two gas liquid chromatographic methods differing mainly
in sensitivity are described for the quantitative determina-
tion of naltrexone (NT) and its metabolites in human bio-
fluids. Flame ionization detection of the N,O-bis-(trimethyl-
silyl) trifluoroacetamide (BSTFA) derivatives provided suf-
ficient separation and sensitivity for quantitation of the
bases in urine. However, the thousand times lower levels in
serum, red blood cells (RBC) and saliva necessitated the use
of more sensitive electron capture detection methods of the
pentafluoro derivatives of NT and its metabolites. The 2-hy-
droxy-3-methoxy-6f3-naltrexol (HMN) and 6f-naltrexol (f3-
OL) pentafluoro derivatives had nearly identical gas liquid
chromatographic retention times in a number of stationary
liquid phases. Thus, their se ration had to be achieved
prior to chromatography. Differential extraction was based
on the different partition characteristics of HMN and 6f3-
naltrexol between aqueous and organic solvents. Applicabil-

36
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ity of the methods was tested using the biofluids of four
subjects taking 2 x 200 mg naltrexone per day chronically.
Blood, saliva and urine samples were collected at the same
time (prior to drug administration), which was 16 and 24
hours after the doses. In the plasma the relative percent-
ages of the bases were 73.5 [3-OL; 23.1 HMN and 3.4 NT.
The same in the urine were 76.6 3-OL, 14.4 HMN and 9.0
NT The lipophilic nature of HMN and the hydrophilic
property of [-OL may have influenced their distribution
into RBC and saliva. In the RBC 96.1% HMN and only
trace amounts of fB-OL distributed and in saliva 92.3% of
B-SOL and no HMN was found; the difference in both cases
was made up by naltrexone to 100%.

INTRODUCTION

Naltrexone was already administered to men during preliminary
clinical trials (1,2) while methods were not yet available for the
monitoring of the drug and its metabolites in human biofluids. The
isolation and tentative identification of 6B-naltrexol, the major uri-
nary biotransformation product in humans, was first reported by
Cone in 1973 (3). Methodological advancement soon followed, result-
ing in the description of the urinary excretion profile of naltrexone
in man by Cone et al., Verebey et al., and Dayton and Inturrisi
(4,5,6). In 1975, Cone and Gorodetzky reported the presence of nor-
oxymorphone, an N-dealkylated, strongly agonistic metabolite and
a methylated 2,3-catechol type metabolite of naltrexone in human
urine (7). Also in 1975, Verebey et al. described 2-hydroxy-3-meth-
oxy-6B-naltrexol (HMN), a minor metabolite of naltrexone isolated
from human urine and red blood cells (8). Determination of nal-
trexone and its metabolites in plasma was far more difficult be-
cause the concentration of the bases is approximately a thousand-
fold less than the same in urine. In 1976 Verebey et al. described a
quantitative method for the determination of naltrexone and 603-
naltrexol in human plasma utilizing electron capture detection of
the pentafluoro derivatives of naltrexone and 6B-naltrexol (9). Uti-
lizing this technique the total disposition and most of the pharma-
cokinetics of naltrexone were determined in man by Verebey et al.,
following acute and chronic doses of naltrexone (10). Sams and Mal-
speis (11) and Sams (12) provided extensive data on the nature of
electrophore formation of naltrexone and naloxone for electron
capture detection. Naloxone is often used as an internal standard
for the quantitation of naltrexone. Later, naltrexone prodrugs were
synthesized for extended opiate receptor blockade through various
slow release drug delivery systems. Bruce et al., utilizing electron
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capture gas chromatographic techniques, were able to quantitate
eleven ester and ether derivatives of the prodrugs (13).

More recently the structure of HMN was confirmed by synthesis
(14) and by nuclear magnetic resonance spectra (15). The availabil-
ity of synthetic HMN has also encouraged methodological ad-
vances. In this communication methods are described for the quan-
titation of naltrexone, 6B-naltrexol and HMN in plasma (or serum),
red blood cells, saliva and urine (16). It is the intention of this
report to concentrate on the difficulties and shortcomings of cur-
rent methodology.

MATERIALS AND METHODS

Chemicals and Reagents

Analytical grade naltrexone, 6B-naltrexol and 2-hydroxy-3-meth-
oxy-6B-naltrexol were provided by NIDA. Etorphine, the internal
standard for the urine method, was purchased from the American
Cyanamid Co., (Princeton, NJ) and nalorphine, the internal stand-
ard for the plasma method, was obtained from Merck & Co., Inc.
(Rahway, NJ). The derivatizing reagent, pentafluoropropionic anhy-
dride (PFPA), glassware siliconizing agent, Dri-Film SC 87, and
column conditioner, Silyl 8, were purchased from Pierce Chemical
Co. (Rockford, IL) and N,O-bis-(trimethylsilyl) trifluoroacetamide
(BSTFA) was purchased from Regis Chemical Co. (Morton Grove,
IL). The organic solvents used in the procedure were all glass dis-
tilled, G.C. grade, purchased from Burdick and Jackson (Muskegon,
MI). Glusulase was purchased from Endo Laboratories (Garden
City, NY). All aqueous solutions, buffers and dilute acids were pre-
pared in glass distilled water, and all glassware was siliconized
using 5% Dri-Film SC 87 in toluene.

Extraction Procedure (Urine)

After large doses of naltrexone, greater than 400 mg daily, 68-
naltrexol levels were so much greater than naltrexone and HMN
levels that a separate extraction procedure was needed for the re-
covery and quantitation of naltrexone and HMN. This was accom-
plished by utilizing a pH (7.5) lower than the optimum for 6B-nal-
trexol recovery and a nonpolar organic solvent (benzene). The
method is summarized in table 1. For the routine assay of naltrex-
one and HMN 1 to 2 ml of urine was used, while for the determina-
tion of 6B-naltrexol 0.1 to 0.3 ml urine was adequate. Etorphine
was added to the urine samples: 2 ug for the naltrexone and HMN
assays and 20 ug for the 6B-naltrexol assay.
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TABLE 1
NALTREXONE, 6-g-NALTREXOL AND HMN I[N URINE BY FLAME IONIZATION GLC METHOD

2.5 ML URINE + 20 uG ETORPHINE (I S) + 2.5 ML
GLUSULASE  soLuTION (4.5 ML ACETATE BUFFER + 1 ML GLUSULASE)
INCUBATE OVER NIGHT 37°C

\9
9/%
0.5 ML HYDROLYSATE 3.0 ML HYDROLYSATE
SATURATE W1TH NaHCOz (pHB8.5) 1.0 me TRIS Burrer fH 7.5
+ 7 ML CHLOROFORM SHAKE AND CENTRIFUGE + 7 ML BENZENE
¢y, S0 c
Lo, [3)
'?OFOQ 3?'“1

+ 7 ML cHLOoroFoRM (SC)

{

EVAPORATE CHLOROFORM

Resipue' + 25 nuZ BSTFA (15 min, 60°C)
CooL AND INJECT 1 we INTO GC

The urines were buffered to pH 8.5 using 0.5 ml of 0.2 M carbon-
ate-bicarbonate buffer and the aqueous solution was extracted with
7.0 ml chloroform. The chloroform was back extracted into 5.0 ml
of 0.5 N HCI. The pH of the aqueous layer was adjusted to 8.5 and
re-extracted into 7.0 ml chloroform. The extractions at each step
consisted of 10 min shaking in a mechanical shaker and 5 min cen-
trifugation. The chloroform extracts were evaporated to dryness in
a rotary evaporator under vacuum at 50” (Evapomix, Buchler, Fort
Lee, NJ).

Calibration Curves and Quantitation (Urine)

Standard solutions of NT (20 pg/ml), HMN (50 pug/ml) and etor-
phine (20 and 200 pg/ml) were prepared in water. Standard curves
for NT and HMN were prepared by adding 0.5, 1.0, 1.5 and 2.0 pg

347-877 0 - 81 - 4
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of naltrexone, 5 to 30 ug of HMN and 2 pg of etorphine to each 2.0
ml of blank urine samples.

The standard curve for 3-OL was prepared separately, 3, 6, 9 and
12 ug B-OL and 20 pg of etorphine was added to each 0.2 ml blank
urine. The standards were extracted, derivatized and chromato-
graphed as the unknown samples.

Glusulase Hydrolysis

The concentration of urinary naltrexone and 6B-naltrexol was
determined before (free) and after hydrolysis (total) while values of
HMN in both systems were equal, indicating that no conjugation of
HMN occurs (10). Thus HMN quantitation can be performed with
non-hydrolyzed samples. A typical hydrolysis and extraction system
is outlined in table 1.

Derivatization Procedure (Urine)

The tubes were sealed with rubber caps, flushed with dry nitro-
gen, BSTFA (20-30 ul) was added, mixed on a Vortex mixer for 5
sec and the reaction allowed to proceed in a dry heating block con-
taining sea sand at 60°C for 15 min. Following the reaction 1 ul of
BSTFA containing silylated bases was injected into the gas chroma-
tograph.

Gas-Liquid Chromatographic Conditions (Urine)

The gas chromatographic analysis was performed on a Perkin-
Elmer 900 gas chromatograph, equipped with a hydrogen flame
ionization detector. The column was a 2 m x 2 mm I.D. glass
spiral. The packing consisted of 3% OV-17 on Gas-Chrom Q, 80-100
mesh. The temperature of the detector and flash heater was 285°.
The carrier was helium with a flow-rate of 60 ml/min. The flow-
rates of hydrogen and air were 30 ml/min and 300 ml/min, respec-
tively. The column oven temperature was 270°.

Extraction Procedure (Plasma, Serum, RBC and Saliva)

An extraction outline of HMN and NT is given in table 2. HMN
was extracted into benzene which excluded 6B-naltrexol while the
combined 683-naltrexol-HMN were determined using a modified ver-
sion of the original method (9).

The following substances were added to 20 ml round-bottom cen-
trifuge tubes: Antifoam A (A.H. Thomas, Philadelphia, PA), 0.2 to 2
ml of plasma and an aqueous internal standard (nalorphine) con-
taining 12.5 ng for the chloroform and 25 ng for the benzene proce-
dure. The pH was adjusted to 7.5 with 1.0 ml tris-maleate buffer
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TABLE 2

NALTREXONE AND HMN
ELECTRON CAPTURE GLC METHOD

1.0 ML Prasma, serum, RBC oR sALIva
+ 1.0 s .2M Tris-MaLeaTE Burrer PH 7.5
+ 25 NG NALORPHINE - INTERNAL STANDARD
+ 10 mL Benzene  SHake 10 MIN AND CENTRIFUGE (SC)

Benzene pHasE + 5 M L IN HZSUQ (SO

DiSCARD BENZENE
HySOy + IN NaOH (NEUTRAL)
+ 1 ML Tris-MaLeaTE Burrer (PH 7.5)
+ 7 ML BENZENE (SO)
DiscarRD AQUEOUS PHASE
BENZENE-EVAPORATE TO DRYNESS

+ 150 ut PFPA (40 min AT 110°0)

COOL AND EVAPORATE WITH STREAM OF N2

+ 50 ul ETHYLACETATE----- .5 10 1.0 vt 1nJeCcT IN G.C.

and the aqueous phase was shaken with 10 ml of benzene for HMN
or chloroform for naltrexone and combined 6B-naltrexol-HMN de-
termination. After 10 min shaking and 5 min centrifugation the or-
ganic layer was transferred into clean centrifuge tubes containing
5 ml of 0.1 N HySO,. After back extraction into acid the organic
layer was discarded and 4.3 ml of the H,SO, phase was transferred
into clean centrifuge tubes and neutralized with 1.0 N NaOH. The
pH was adjusted to 7.5 with tris maleate buffer and the aqueous
phase extracted with 7 ml of benzene for HMN or chloroform for
naltrexone and 6B-naltrexol containing HMN. After shaking and
centrifugation the organic phase was transferred to a clean 15-ml
test tube and evaporated to dryness on a rotary flash evaporator.
One ml of acetone was added to the benzene phase to facilitate its
evaporation.
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Calibration Curves and Quantitation (Plasma)

Naltrexone and 6B-naltrexol standard curves were prepared by
adding 2.5, 5.0, 10.0 and 20.0 ng of naltrexone; 5, 10, 20 and 40 ng of
6B-naltrexol and 12.5 ng of nalorphine to each of 1.0 ml of blank
plasma. For the HMN standards, 5, 10, 20 and 40 ng of HMN with
25 ng nalorphine were added to 1.0 ml of blank plasma. The sam-
ples for both standard curves were extracted according to the ap-
propriate method described (benzene or chloroform), derivatized by
PFPA and chromatographed. The peak height or area ratios were
plotted against the respective concentration of standards and the
slope factors determined. The unknown sample peak height or area
ratio was divided by the slope factors of the standards to determine
the concentations of naltrexone, 6B3-naltrexol, and HMN in the un-
known samples.

Derivatization Procedure (Plasma)

To the dry residue 150 ul of PFPA was added, the tube was tight-
ly stoppered (00 size hollow Nalgene stoppers; A.H. Thomas) and
placed in a heating block at 110° for 40 min. After the reaction the
samples were stored overnight at -16°C and usually analyzed the
following day. The anhydride was evaporated at room temperature
under a stream of nitrogen. The dried sample was taken up in 50
ul of ethyl acetate and 1 pl aliquots were injected immediately into
the gas chromatograph. At this step one should proceed at the rate
of one sample at a time because the derivatives are not stable in
the ethyl acetate or in any other solvent tested.

Gas-Liquid Chromatographic Conditions (Plasma)

Isothermal conditions were used with a Hewlett-Packard Model
5830A gas chromatograph, equipped with a ¢Ni linear electron cap-
ture detector. The column was 2 m x 2 mm I.D. packed with 3%
0OV-22 on Supelcoport, 80-100 mesh. The carrier gas was a mixture
of 10% methane in argon at a flow-rate of 35 ml/min. The injection
port temperature was 240°C, the detector temperature 300°C and
the column oven temperature 220°C.

Methodological Cautions

A list of suggestions follows; the observations are based on four
years of experience and sometimes frustrations. Implementation of
some or all of these suggestions may determine the success or fail-
ure of the adaptation of these methods.
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Treat all tubes with siliconizing reagent. Before use,

rinse all test tubes with glass-distilled chloroform.
During the extraction procedure, to have the cleanest

possible final sample, avoid the close proximity of the
organic-aqueous interface. Contaminants can easily be
transferred while trying to recover all of a phase.

. Put chloroform into the refrigerator before final evap-

oration. A little droplet of water forms on top of the
chloroform; aspirate it off before evaporation.

. A rotary evaporator is far more efficient than an N-

EVAP type evaporator in concentrating the little
available bases in the tip of the reaction vessel. With
low concentrations, <10 ng naltrexone/ml, rotary
flash evaporator is necessary.

. Following derivatization while the bases are in PFPA,

they are stable for at least three weeks when kept in
the freezer.

. After derivatization put all tubes in freezer and evapo-

rate the samples one by one. After reconstitution, each
sample must be injected into the gas chromatograph
immediately or within minutes. In ethylacetate or any
other solvent, the rate of drug-pentafluoro complex de-
composition is rapid.

. After the injection of 100 to 150 samples into the gas

chromatograph the injection port glass wool should be
changed. Deposits on the glass wool selectively bind
one or more of the bases, causing decrease in sensitiv-
ity and errors in quantitation. Use siliconized glass
wool only!

. After changing the injector port glass wool plug, dis-

connect the column from the detector and inject ap-
proximately 40 pl of Silyl 8. Reconnect 15 minutes
later. This helps to prevent adsorption and/or break-
down of the pentafluoro-drug complexes on the
column.

. Derivatize a mixture of 100 ng/pl of NT, B-OL, and

nalorphine with PFPA. Before injection of standards
or unknown, prime the column with these large con-
centrations of bases (attenuate signal while injecting
primer). This also helps prevent on column binding
and breakdown of samples.

Subjects

43

To verify the modifications in the original methodology the sam-
ples for this study were kindly provided by Professor Volavka, The
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Missouri Institute of Psychiatry, University of Missouri School of
Medicine. The subjects were all male chronic schizophrenic pa-
tients who received incremental doses from 50 to 400 mg naltrex-
one in the first week and 400 mg naltrexone daily in the second
week. The 100 mg doses and above were split and given at 8 am
and 4 pm. Since all the samples were collected just prior to the 8
am dose they represent samples 24 hours past the first and 16
hours past the second half of the daily dosage. Two blood, saliva,
and spot urine samples were collected from each patient on the 7th
day of the 1st and 2nd weeks, thus in both cases the patients were
already receiving 2 x 200 mg (400 mg) naltrexone per day.

RESULTS AND DISCUSSION

Figure 1 shows the structural formula of naltrexone and its
major (3-OL) and minor metabolite (HMN). The recent availability
of synthetic HMN prompted the development of methods for its
quantitation. Determination of HMN in urine is very similar to the
method reported earlier (6). The three drug-related peaks (NT, 8-
OL, HMN) and the internal standard (etorphine) were well resolved
by gas liquid chromatography (figure 2). The system using chloro-
form is suitable for the simultaneous measurement of naltrexone
and its metabolites. However, when 400 mg or larger daily doses of
naltrexone are administered, the excessive amount of 63-naltrexol
may interfere with the quantitation of HMN and naltrexone. In
such conditions separate extraction systems should be utilized, one
for B-OL determination (using chloroform) and another for HMN
and naltrexone determination (using benzene) as outlined in table
1. Since B-OL is known to be hydrophilic, the utilization of a non-
polar solvent (benzene) and a lower than usual pH (7.5) accom-
plished the exclusion of B-OL, while NT and HMN were adequately
recovered. Derivatization using BSTFA requires only one method-
ological caution: the samples must be very dry; even humidity in
the air must be considered. In our laboratory the tubes are sealed
and flushed with nitrogen for 2 to 3 minutes before the addition of
BSTFA, which is injected through the stopper. If samples for some
reason remain wet, at least 2 derivatives of both NT and B-OL will
form in different proportions resulting in unreliable results.

Naltrexone, 6B-naltrexol and HMN are approximately a thou-
sand times less in blood and saliva than in urine. For this reason
halogenated derivatives of the bases were formed using PFPA and
thus greater sensitivity was achieved. The electron capture method
is difficult to adopt because of the many cautions involved in ex-
traction, electrophore derivative formation and the gas chromato-
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6A-NALTREXOL 2-HYDROXY-3-METHOXY~
68- NALTREXOL

FIGURE 1. The chemical structures of naltrexone (I) and its major and minor
metabolites in man: 6B-naltrexol (II) and 2-hydroxy-3-methoxy-6B-naltrexol (III)

graphic instrumentation. A list of cautions is given in the methods
section. Using the PFPA derivatives, another problem surfaced.
The retention time of HMN (3.48 min) and that of (-OL (3.38 min)
are separated only by 0.1 minute (figure 3). When both of these
substances are present in unknown samples only one peak is ob-
served (fig. 3, panel C). This observation explains the years of mys-
tery as to why the retention time of B-OL was shifting 2 to 4 sec-
onds back and forth while NT and the internal standard retention
time remained constant. It is likely that in all previous studies
when PFPA was used as the derivatizing agent, the values reported
for B-OL are overestimated because they also include HMN.

Many different stationary liquid phases were tried, but no ade-
quate separation between HMN and B-OL was achieved. The differ-
ent solubility characteristics of HMN and [B-OL were utilized for
separation of the two bases during extraction. For the extraction of
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FIGURE 2. The gas liquid chromatographic pattern of the BSTFA derivatives of
naltrexone, its metabolites and the internal standard, etorphine, using flame
ionization detection
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HMN and for the exclusion of B-OL benzene was used and the pH
was lowered to 7.5. Under these conditions HMN recovery was 51
+ 1.4% while B-OL was not recovered. Using chloroform, at pH
9.4, resulted in the recovery of NT, 3-OL and HMN. Thus, for 3-OL
determination the HMN levels were first determined using the
benzene procedure and the HMN values subtracted from the re-
sults of the chloroform procedure, which determines the combined
B-OL and HMN levels. An example of chromatographic tracings,
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FIGURE 3. The gas liquid chromatographic pattern of the PFPA derivatives of
naltrexone (NT), 6B-naltrexol (3-OL) and 2-hydroxy-3-methoxy-66-naltrexol (HMN)
and nalorphine, the internal standard (IS), using electron capture detection. Panel
A is HMN (3.43 min) standard alone; Panel B is -OL (38.38 min), NT (3.94 min), and

the IS (6.16 min) added to blank plasma; Panel C shows a chloroform extract of
plasma of a subject taking naltrexone: both HMN and B-OL are present, indicated

by the intermediate retention time (3.42 min). Panel D shows a chromatographic
pattern of the plasma extract of the same subject as in Panel C, using benzene:
HMN (8.47 min), NT (3.95 min), and IS (6.16 min) are present but B-OL is not
recovered under these conditions.

one after benzene and another after chloroform extraction of the
same sample, is shown in figure 3. An ideal method should sepa-
rate all derivatives; however, at present this has not been accom-
plished.

For the verification of the modified methods, blood samples
(plasma and RBC), saliva and urine were analyzed for the three
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bases, collected from subjects taking 400 mg NT a day. (See exact
doses and sample collection under “Subjects.”) The data compiled
from the analysis of urine samples is shown in table 3. Since it was
a spot sample collected 24 hr after the dose, only the relative abun-
dance of the bases present in the urine at that time can be evaluat-
ed. 6B-naltrexol accounted for 76.6% of the bases, followed by
HMN (14.4%) and naltrexone (9.0%). In the plasma samples the
order of relative abundance was the same as in urine, with similar
proportion of 6B-naltrexol (73.5%), significantly more HMN (23.1%)
and slightly less naltrexone (3.4%) present (table 4).

TABLE 3. Urinary Levels of Naltrexone, R-Naltrexol and 2-Hydroxy-3-
Methoxy-6-R-Naltrexol (HMN) in a Single Spot Sample 16 and 24 Hrs
After 2X200 mg Naltrexol

Base ug/ml

Subject Naltrexone 3-Naltrexol HMN
1 10.3 152.0 20.6

1 2.5 62.8 9.1

2 4.5 59.7 125

2 54 494 9.4

3 16.7 131.3 49.7

3 13.9 77.0 49.2

4 43.2 262.3 18.9

4 18.1 184.5 14.6

Mean + SD 14.3 £ 13.0 1224 £+ 74.8 23.0 + 16.8

% Of Total Base 8.9 76.7 14.4

Naltrexone was approximately equally distributed into plasma
and RBC, while the correlation of naltrexone levels in plasma with
that of saliva is similar but not consistent in this group of subjects,
which may be caused by the method of salivary sample collection.
The relationship of plasma and salivary naltrexone and 6B-nal-
trexol levels is presently under investigation.

Distribution of HMN and 6B-naltrexol into RBC and saliva was
very different. In RBC’s, only the more lypophilic HMN distributed
in the extent of 96.1%; the remaining 3.9% was naltrexone, while
6B-naltrexol was hardly detectable. Conversely, in saliva, HMN
was absent, the polar 6B-naltrexol comprised 92.3% of the bases
and naltrexone made up the remaining 7.7%. The two- to threefold
excess of HMN in RBC vs. plasma is interesting but its mechanism
is not at all clear.



TABLE 4. Plasma and RBC Levels of Naltrexone, R-Naltrexol and 2-Hydroxy-3-Methoxy-6-
3-Naltrexol (HMN) After 2X200 mg Naltrexone Given 24 & 16 Hrs Prior to Sample Collection

Subject Base ng/ml
Plasma RBC Saliva
Naltrexone 3-Naltrexol HMN Naltrexone  HMN NT 3-OL
1 56 143.9 427 N.S. N.S. 20.6 160.9
1 4.8 185.0 55.8 4.3 183.1 4.2 106.7
2 8.7 174.8 74.6 7.3 188.3 4.6 43.5
2 8.2 182.7 65.0 78 201.4 73 74.0
3 105* 572.2* 151.3* 115.0* 342.6* 246.9* 342.1*
3 10.9 251.8 86.3 9.3 211.8 8.4 151.2
4 20.4 234.2 53.2 7.3 102.0 50.3 571.6
4 6.9 231.5 62.8 5.0 112.5 2.0 59.1
Mean + SD 9.4+5.2 200.6 + 39.1 629 + 144 6.8£1.9 166.5 + 47.1 13.9+171 166.7 + 184
% of Total 34 735 231 3.9 96.1 7.7 92.3
Base

*Sample was drawn after naltrexone dose; values not included in the calculations,
N.S. = no samples available.
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The first blood sample in subject No. 3 (table 4) was taken short-
ly after naltrexone administration. Thus the levels of drug and me-
tabolites were substantially higher than in the 24-hour samples.
The high naltrexone, 6B-naltrexol, and HMN plasma levels indi-
cate excellent absorption and rapid first pass biotransformation of
naltrexone, concurring with data reported in an earlier pharmaco-
dynamic study by Verebey et al. (5).

Based on the data in this report, for toxicological purposes, 68-
naltrexol in plasma, saliva and urine; and HMN in whole blood,
RBC and urine are better indicators of naltrexone use than the
parent compound itself in any of the body fluids, especially when
the samples are collected long after naltrexone ingestion.
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Analytical Methods for
Quantitative and
Qualitative Analysis of
Naltrexone and

Metabolites in Biological
Fluids

Monroe E. Wall and Dolores R. Brine

Analytical procedures for the determination of naltrexone
and metabolites have been presented. The basic procedure
involves the use of radiolabeled drugs and thin layer chro-
matography. Naltrexone, 6f-naltrexol and 2-hydroxy-3-O-
methyl-6f3-naltrexol were found by both the TLC procedure
and combined as chromatography-mass spectrometry. The
presence of 3-O-methyl-6f3-naltrexol was indicated by the
TLC method, but this metabolite could not be found by
mass spectrometry.

INTRODUCTION

In the course of our studies on the metabolism of naltrexone (I)
(1,2) in man, it was necessary to develop quantitative procedures
for I and its metabolites in plasma, urine, and feces. Figure 1 gives
the structure of I and its known metabolites, 6B-naltrexol (II), 2-hy-
droxy-3-O-methyl-66-naltrexol (III), and a possible but not proven
metabolite, 3-O-methyl-66-naltrexol (IV).

Although sensitive gas liquid chromatographic (GLC) procedures
for I, II, and III using flame ionization (3) and electron capture de-

52
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FIGURE 1. Naltrexone (I), 6B3-naltrexol (II), 2-hydroxy-3-O-methyl-66-naltrexol (III),
and 3-O-methyl-6B-naltrexol (IV).

tectors (4,5) are available, we chose to use thin layer chromato-
graphy (TLC) of the radiolabeled drug and metabolites as our basic
procedure. The choice of the procedure was dictated by our need to
study the elimination of total drug and metabolites and to study
both conjugated and nonconjugated metabolites. The TLC-radiola-
bel procedures had previously been successfully utilized by our
group for the analysis of delta-9-tetrahydrocannabinol and metabo-
lites in biological materials (6) and authenticated by quantitative
combined gas chromatography-mass spectrometry (GLC-MS) (7).

THIN LAYER CHROMATOGRAPHY

Appropriate aliquots of the chloroform extract of the biological
samples (cf. figures 2 and 3) with sufficient I and II added to permit
observation of the standards by ultraviolet quenching were applied
to 20 x 20 cm silica gel-on-glass plates (0.25 mm thickness) pre-
pared by E. Merck, Darmstadt, Germany. The development solvent
was chloroform/ethyl acetate/acetone/triethylamine (40:30:30:2).
As shown in figure 4, excellent separation of I and its actual or po-
tential metabolites can be obtained.
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3 ml plasma

Adjust pH to 9 with NaOH.
Add 1.5 ml of 40% w/v KZHPOA'
Add 0.75 g of NaCl.

Extract 3X with 10 ml of CHC13.

CHCI“! nonconjugated compounds AqueLus, Conjugated Compounds

Chromatograph on TLC. Adjust volume to 9 ml with
distilled water. Add 5.5 ml

of 0.05M sodium acetate buffer,
pH 5. Add 0.4 ml of B-glucu-
ronidase from H. Pomatia.
Incubate at 37°C for 24 hr.

Incubation Mixture

Adjust pH to 9 with NaOH. Add
3 ml of 407 w/v K,HPO,. Add
1 g of NaCl. Extract 3X with

25 ml of CHC13.

CHC1,} Hydrolyzed Conjugates Agdlous

Chromatograph on TLC.
FIGURE 2. Extraction of naltrexone and its metabolites from human plasma.

After plates were developed in the above system, standards were
visualized under UV light. Zones of silica gel were scraped into
counting vials containing 2.5 ml of distilled water/methanol (1.5:1,
v/v). Samples were then sonicated for 15 min. After addition of 15
ml of scintillation fluor, counting samples were sonicated for an ad-
ditional 30 min. The radioactivity in each TLC zone was deter-
mined by liquid-scintillation counting.

QUALITATIVE IDENTIFICATION OF
NALTREXONE METABOLITES IN URINE

It is desirable to identify metabolites by a procedure of greater
rigidity than TLC. Accordingly, we made a qualitative study of I
and metabolites found in a typical 24-hr human urine sample.
Some of the considerations that are involved in this study are ex-
emplified in figure 5. It will be noted that I and its major metabo-
lite IT are closely related structurally, II being formed from I by en-
zymatic reduction of the 6-ketone to give the 6-hydroxyl. On deriva-
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5 ml urine

Adjust pH to 9 with NaOH.
Add 2 ml of 40% w/v KZHPOA and
1 g of NaCl.

Extract 3X with 10 ml of CHC13.

CHCl1,, nonconjugated compounds Aqueous, Conjugated Compounds

Add 3 ml of H,0.

Chromatograph on TLC. Adjust pH to g with 50% HOAc.

Add 5.0 ml of 0.05M sodium
acetate buffer, pH 5.

Add 0.4 ml of B-glucuronidase
from H. Pomatia, Type Hl.

Incubate at 37°C for 24 hr.

Incubation Mixture

Adjust pH to 9 wth NaOH.

Add 3 ml of 40% w/v K2HP04
and 1 g of NaCl.

Extract 3X with 25 ml of CHC1,

CHCl., Hydrolyzed Conjugates Aqueous
e

Chromatograph on TLC.

FIGURE 3. Extraction of naltrexone and its metabolites from human urine.

tization, both I and II give tris-trimethylsilyl (TMS) ethers which
differ by only two mass units. Although as shown in figures 6 and 7
there are characteristic differences in the mass spectra of the tris-
TMS ethers of I and II, the two compounds are not easily separated
by GLC. Accordingly, a procedure was devised to convert I or possi-
ble metabolites with the 6-oxo moiety to the methoxime followed by
conversion of remaining hydroxyl groups to TMS ethers. This
method readily permits separation of methoxime-TMS ethers from
compounds which form only TMS derivatives.

An aliquot (17%) of a 24-hr urine sample was adjusted to pH 9
and extracted three times with 200 ml portions of chloroform. The
chloroform solution was extracted with 2N HCIl, which was then
basified and extracted three times with 150 ml portions of chloro-
form. An aliquot of the acid/base-treated chloroform extract of
urine was dried in vacuo overnight. After addition of 75 pl of a 2%
solution of methoxyamine hydrochloride in pyridine, the sample
was tightly capped and shaken at ambient temperature overnight.
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TLC
Zone

|

2-0H~3-0-
methyl-68-
naltrexol
2-0H-3-0-
methylnal-
trexone
Naltrexone
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3-O-methyl-
6é8-naltrexol
68-Naltrexol

FIGURE 4. Thin layer chromatogram of naltrexone and metabolites. Plates (20 x
20 cm silica gel on glass) were developed in chloroform/ethyl acetate/acetone/
triethylamine (40:30:30:2) and were visualized under UV light.

The reagent was evaporated under nitrogen and 75 ul of Tri-Sil
TBT added. Following overnight heating at 115°C excess reagent
was evaporated under nitrogen and 50 pul of hexane was added. The
derivatized urine extracts were analyzed on an LKB model 9000
mass spectrometer using a 1.8 m x 4 mm L.D. column packed with
2% OV-17 on 80/100 mesh Supelcoport (Supelco, Inc., Bellefonte,
PA) at 230°C. Ionizing voltage was set at 70 ev.
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Naltrexone

B-Naltrexol

C OH O4N
23 CpHocOLN
nle 343 20723 4
CH,
X = -0-S1-CH,
CH,

Naltrexone, tris-TMS ether
C29H4704N513
MW 557

FIGURE 5. Mass spectral parent ions for naltrexone, naltrexol and TMS derivatives.

RESULTS

The data for the qualitative analysis by GLC/MS of urine extract
prepared as described above is shown in figure 8. Shown in the top
portion of this figure are retention times for I as the methoxime
bis-TMS ether, and II as the tris-TMS derivative. It will be noted
that they are easily separated from each other and from the meth-
oxime bis-TMS ether of noroxymorphone. We have found the latter
as a metabolite of rats under in vitro conditions (8). The lower por-
tion of figure 8 shows the total ion current pattern found after sub-
jecting the derivatized urine extract to GLC-MS. Two major and
three minor constituents were noted. The first major peak with R,
at 8.8 min had a mass spectrum identical to the tris-TMS ether of
6B-naltrexol (II). The minor constituent with R, of 10.1 min corre-
sponded to the bis-TMS ether of II, resulting from a slightly incom-
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FIGURE 6. Mass spectrum of authentic naltrexone, tris-TMS ether.

FIGURE 7. Mass spectrum of authentic 6B-naltrexol, tris-TMS ether.
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Column: O0V17, 22
Temperature: 240°
NZ flow rate: 30 cc/min
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68-Naltrexol
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Methoxime, bis TMS
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Minutes

FIGURE 8. GLC analysis of 24-hr nonconjugated urine fraction from male subject

PM.

plete derivatization. The next major metabolite with R, of 11.5 min
exhibited a parent ion at 589 mass units corresponding to that of
the tris-TMS derivative of 2-hydroxy-3-O-methyl-66-naltrexol (III).
The mass spectrum of III resembled that of metabolites assigned
this structure by Verebey et al. (4) and Cone et al. (9). The data did
not rigidly exclude an alternative structure such as 2-methoxy-60-
naltrexol. However, "*C-NMR of III isolated from urine and com-
pared with the spectrum of synthetic III readily confirmed the
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structure (10). The minor compound with a peak at R, of 13.7 min
was identified as the methoxime-bis-TMS derivative of naltrexone
(1). Hence, the parent drug I was a minor constituent of the non-
conjugated, 24-hr human urine fraction. The minor constituent
with R, of 15 min could not be identified. No evidence could be
found in this urine fraction for noroxymorphone, which would have
appeared at 7 min, or for 3-O-methyl-6B-naltrexol (IV).

QUANTITATIVE VALIDATION OF TLC
PROCEDURE BY GLC/MS

It was desirable to obtain some indication of the accuracy of the
data obtained by the TLC-radiolabeled procedure. Studies were
made of the naltrexone and 6B-naltrexol fractions comparing the
TLC method with quantitative GLC/MS. The procedure used was
similar to that used in cannabinoid studies (2). Tri-deuterated de-
rivatives of naltrexone and 6[-naltrexol were prepared and used as
carriers and internal standards.

EXTRACTION OF SAMPLES

The general procedure utilized was a modification of the method
of Cone et al. (3). Figure 2 shows the procedure for the extraction of
nonconjugated I and metabolites from plasma and for the enzymat-
ic hydrolysis and extraction of the conjugated fraction. A slightly
modified procedure was used for red blood samples which were
treated as follows. To each sample (56 ml) was added in order 5 ml
of distilled water, 50 mg of NaF, 0.1N NaOH to adjust the pH to 9,
0.75 ml of 40% (w/v) KoHPO,, and 0.375 g of NaCl. Three extrac-
tions with 15 ml of ethyl acetate removed naltrexone and metabo-
lites.

The procedure for the extraction of nonconjugated I and metabo-
lites from urine is shown in figure 3. The extraction of fecal sam-
ples was carried out with hot methanol. After removal of methanol
in vacuo, the pH of the aqueous residue (adjusted to 100 ml with
water) was adjusted to 9.0 with sodium hydroxide solution. The pro-
cedure then is similar to that shown for urine (figure 3).

DETERMINATION OF RADIOACTIVITY

Aliquots of plasma and urine and extracts of plasma, urine, and
feces were subjected to liquid-scintillation counting in a Triton X-
100/toluene/Omnifluor (1 liter/2 liter/18 g) scintillation fluor with
use of the external standardization method to correct for quench-
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ing. Samples of red blood cells and fecal residues were combusted
in a Packard sample oxidizer, model 306, and the product collected
in Monophase- for scintillation counting. All samples were count-
ed in a Packard TriCarb model 3375 liquid-scintillation counter.
The procedure for the determination of I in plasma is shown in
figure 9. The procedure for naltrexol is similar, and the procedures
for both I and II in urine are also similar. Derivatization to the
tris-TMS ethers for the quantitative studies was performed by the
forcing procedure described previously. Calibration curves for I in
plasma and II in urine are shown in figures 10 and 11. Linear cali-

3 ml of crude plasma

1. Add 45 pl of d3 naltrexone in
in EtOH (1 ng/ul)

. Adjust to pH 9 w/0.1N NaOH

Add 1 ml 40% KpHPO, solution

Add 0.5 g NaCl

Add 8 ml CHClj

m>wWwnN

Vortex 10 min

org. Centrifuge aq.

add 8 ml CHClj

Vortex 10 min

combine org. | centrifuge aq.
discard
evaporate

Sample ready for
derivatization

FIGURE 9. Extraction procedure for isolation of naltrexone from plasma.
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bration curves were found in each case over a range of 1-100 ng/
ml.

Table 1 presents a comparison of the TLC and GLC/MS results
for 6B-naltrexol in urine. In general, satisfactory agreement was
1

10

T T 1 T T 1

RATIO
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10

J [

» 4

10 10 10
NG/ML

FIGURE 10. GLC/MS calibration curve for naltrexone in plasma.
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found. A similar study with naltrexone in plasma gave less satis-
factory agreement because of incomplete separation of naltrexone
and 2-hydroxy-3-O-methyl-68-naltrexol by the TLC system in use at
that time.

S s I A O N R B R

100 —
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pg/ml

FIGURE 11. GLC/MS calibration curve for 6B-naltrexol in urine.
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TABLE 1. Non-conjugated 6R-Naltrexol Levels in Human Urine After
an Oral Dose of 50 mg of Naltrexone

Mg 6R-Naltrexol/Urine Sample

Time
Subject (Hours) By tlc By glc-ms
AG 24 14.000 13.000
40 4.000 3,000
72 1.200 1.400
TA 24 6.400 8,000
48 2,000 2,400
72 420 610
TD 24 3,000 2,700
48 760 670
72 193 300
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Background on Animal
Testing in the Drug
Delivery Systems Program

William L. Dewey

In the screening and selection of candidate long-acting nar-
cotic antagonist preparations, careful consideration must be
given to the choice of animal evaluation models. A simple,
rapid method, using analgesia suppression in the mouse
tail-flick test, was chosen for preliminary screening. Suit-
able candidates were then evaluated by following urinary
excretion rates and blood levels in the monkey. Afterwards,
the most promising preparations were rigorously tested in
their ability to interfere with morphine self-administration
in monkeys. Final evaluation involved toxicological studies
in injection sites and on the whole animal.

INTRODUCTION

The choice of the appropriate animal tests for a particular proj-
ect must be made on the basis of the purpose of the project. The
purpose of the drug delivery systems program was to formulate a
preparation of a narcotic antagonist that would block the effects of
an administered dose of an opiate over a prolonged period of time.
The goal was to identify two formulations, one that would afford
protection for one month and another that would last for six
months. The duration of the antagonistic activity of the prepara-
tion was not an important criterion in the selection of the animal
test. After the appropriate tests have been chosen, they can be used
at various times after the preparation has been administered, to

69
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determine how long the antagonistic action lasts. It is important in
most tests that different animals be used for each time point to
eliminate tolerance, learning, pathologic effects and other factors
which might yield false data.

It was important to choose a battery of animal tests that would
be most predictive of opiate antagonism in man. The specific objec-
tive of the preparation in man was not to antagonize the analgesic
activity of an opiate but to block the rewarding, pleasurable or eu-
phorogenic effects of abused opiates. Pleasure and euphoria are
somewhat abstract phenomena which can not be measured in labo-
ratory animals. Other factors, including cost, space, technical diffi-
culty and time requirements, should be considered in the choice of
laboratory tests but always must be given less weight than the
single criterion of predictability. However, these factors play a
more important role in the choice of the preliminary screening
tests which are used to select the few most promising devices for
advanced animal testing.

A number of excellent in vitro techniques such as the opiate
binding, guinea pig ileum and mouse vas deferens assays have been
developed which are good predictors of opiate agonist and antago-
nist activity. They were not appropriate for this project. Fortunate-
ly a number of relatively simple, inexpensive and somewhat predic-
tive screening procedures were available for testing narcotic anal-
gesics in laboratory animals. Each of these screening tests can be
used to predict the narcotic antagonistic activity of a compound or
drug delivery system by administering the test compound or
system at the appropriate test time prior to the injection of a
known antinociceptive dose of morphine or another opiate. The
value of each of these procedures in predicting the antagonistic ac-
tivity of a drug delivery system is related directly to the value of
the procedure in predicting the antinociceptive activity of an
opiate.

Rodents, usually mice, are used in most of these procedures. Mice
are less expensive, take up less space, and most importantly are as
predictive as any other species for determining the analgesic or an-
tagonistic activity of a number of analgesic compounds. The next
decision to be made was to determine which specific mouse screen
should be used for the drug delivery system experiments. The
major difference in the procedures has to do with the noxious
stimulus. Chemical, heat, cold, electric shock and pressure are the
most frequently used stimuli.



ANIMAL TESTING OF DRUG DELIVERY SYSTEMS 71

TESTING METHOD SELECTION

The tests used most widely today include the tail-flick, the hot-
plate and the writhing tests. Each of these procedures has limita-
tions and advantages over the others. Any of these tests would be
useful for this project since opiates produce a nice dose response
effect in each of them. The most sensitive of these procedures in
our and other laboratories is the phenylquinone-induced writhing
test (1). The ED-50 for morphine in this procedure is 0.23 mg/kg
while the ED-50 for morphine in the hot plate and tail-flick tests is
about 2 and 4 mg/kg, respectively. Sensitivity is not an important
factor in the selection of the procedure to be used to test the an-
tagonistic activity of the delivery systems, since large doses of an
agonist would be required to simulate the self-administration of
heroin by the postaddict. The writhing test is not very selective for
opiate-like analgesics. Many substances give false positives in this
procedure, and the possibility existed that some other substance
from the delivery system might block the writhing response, falsely
indicating that opiate antagonism was not present. More impor-
tantly, the writhing test takes considerable time. A technician can
count the writhes of very few animals at one time. The hot-plate
and tail-flick tests can be much more time efficient.

The hot-plate technique is more specific than the writhing test,
but due to the complexity of lifting and licking of a hind paw or
jumping which are required as end points, a number of the central
nervous system depressants are false positives (2). Still the hot-
plate method is an excellent screening technique for analgesics.
One of the major advantages of the hot-plate technique, as original-
ly described, is the ability to determine the duration of action of an
antinociceptive agent. This advantage is not useful for testing the
antagonistic activity of the drug delivery systems.

The tail-flick test is more selective than the other test procedures
(3). Sedatives are inactive and weak and moderate analgesics have
limited activity in this procedure. The narcotic analgesics are
active in the tail-flick test and an excellent correlation exists be-
tween the potency of a number of opiates in this test and their an-
algesic potency in man. An even better correlation exists between
the potency of the opiates in this procedure and their dependence
liability in man. This is a particularly useful quality of this proce-
dure for testing the antagonistic properties of the drug delivery
systems. As mentioned above, the specific objective of this project is
to develop a preparation that will release compound to the body
over a prolonged period at a level that will block the effects of a
self-injection of heroin in the postaddict.
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The most frequent criticism of the tail-flick test is that the re-
sponse of the animal is simply a spinal reflex which does not re-
quire involvement of the brain. Overwhelming evidence exists to
suggest that the site of the analgesic, and more importantly for
this project, the euphorogenic or rewarding properties of heroin,
morphine and other opiates exists in the brain (4). One might
argue that the correlations of activity in the tail-flick test and man
referred to above are coincidental and that activity in this proce-
dure really has no relation to the action of a drug in the brain.
However, considerable evidence has been presented which strongly
indicates that the inhibitory action of morphine, and presumably
the other opiates, in the tail-flick response is due to their modulat-
ing effects on centers higher than the spinal cord. Complete tran-
section of the spinal cord of mice or rats does not block the tail-
flick response to radiant heat but does significantly decrease or
completely abolish the activity of opiates in this procedure. These
experiments support the hypothesis that this test procedure is
useful in assessing the effects of drugs in the brains of animals and
in predicting their activity in the brains of man.

Although considerable experience is required for a technician to
master the tail-flick procedure, it is the quickest and least demand-
ing of the procedures that were considered as the initial screening
test for this project. Results are reproducible from laboratory to
laboratory and most importantly it, better than the other proce-
dures, may give the best (albeit questionable) indication of opiate
dependence liability. It is my opinion that activity in the tail-flick
test by an unknown compound more strongly suggests opiate-type
dependence liability for the compound than would be predicted by
the other screening tests. Translating this to the narcotic antago-
nist delivery systems project, one would predict that the ability of
the delivery system to block the activity of an opiate in the tail-
flick test is a better indication that it would block the effects of an
injection of an opiate in a postaddict than is the blocking of opiate
activity in the other mouse screening tests.

The next aspect of the mouse screening tests to be considered
was the choice of the agonist to be used versus the drug delivery
systems. The opiate most widely used by the addicted population is
heroin. Methadone and other opiates including morphine, meperi-
dine and other prescribed drugs are abused by certain members of
society. The majority of the animal experimentation on mechanism
of analgesic action has been carried out using morphine and it usu-
ally serves as the prototype in this class of drugs. Since the charac-
teristics of the antinociceptive actions of the opiates appear to be
similar and the results of the widespread use of morphine among
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laboratories are in good agreement, it was chosen as the agonist for
this project.

TEST PROCEDURES

The initial test for the screening of the duration of the antago-
nistic action of a drug delivery system was the mouse tail-flick test
using a subcutaneous injection of morphine as the agonist. The pro-
tocol was to implant the delivery system containing the antagonist
in enough mice so that a satisfactory number, usually ranging from
six to ten, could be tested for their control tail-flick reaction time
and then given an injection of morphine, usually an ED-80 dose (in
our bands, 10 mg/kg) and retested 20 or 30 minutes later for tail-
flick reaction times. An equal number cf mice were implanted with
the delivery system which did not contain the narcotic antagonist.
Mice were used only once, to eliminate the possibility of learning
or pathology of the tail due to repeated long exposures to excessive
heat to give false data. Therefore it was important to implant the
device in enough mice so that a group of mice could be tested at
each desired time point. The control mice, those given only the
drug-free vehicle or delivery system, were to react normally to mor-
phine with a resultant increase in reaction time following the in-
jection of the narcotic. Antagonism was considered to be present
each time the test reaction time of the mice given the antagonist in
the delivery system was shorter than in the mice given the deliv-
ery system without the antagonist prior to morphine.

Although the tail-flick test was useful as a primary screening
test, secondary more advanced procedures were necessary to com-
pletely evaluate the duration of action of the narcotic antagonist
delivery systems. It has been well established that a direct correla-
tion exists between the blood level and the narcotic antagonist ac-
tivity of naltrexone in a number of species. Therefore the second
line testing in laboratory animals was to study the pharmacokine-
tics of the naltrexone released from the delivery system. The re-
lease rates of naltrexone could be monitored by quantitating the
excretion rates of radiolabeled naltrexone in urine and feces follow-
ing the implantation of the narcotic antagonist delivery system in
rats or guinea pigs. It was established early in the project that es-
sentially quantitative recovery of the radiolabel was achieved in
these species (4).

These initial excretion experiments were informative, and along
with the tail-flick data yielded information useful in predicting the
duration of antagonistic action of the delivery systems. A number
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of important problems remained. It was necessary to isolate and
quantitate the parent compound from its structurally related but
pharmacologically relatively inactive metabolites in the body fluids
such as blood and urine and in body tissues before a clear picture
of the pharmacokinetics of naltrexone released from the delivery
systems could be achieved. This necessitated the development of so-
phisticated analytical methodology for the quantification of nal-
trexone. The potency of this narcotic antagonist was one of the
strongest reasons for its choice to be used in these studies, since it
afforded the smallest possible size implant. However, it takes less
of a very potent compound to produce the desired pharmacological
effect, which in turn increases the required sensitivity of the ana-
Iytical procedures used to study its metabolism, distribution, bind-
ing to plasma proteins, and other aspects of its pharmacokinetics.
The development of a sensitive gas chromatographic-electron cap-
ture assay for naltrexone by Dr. Reuning was a major contribution
in this regard (4).

The second phase on the pharmacokinetics of naltrexone re-
leased from the drug delivery systems was carried out in the
monkey. The monkey and possibly the dog were thought to be the
nonrodent species most useful for the testing of these delivery sys-
tems. Ideally, the pharmacokinetics should be conducted in a spe-
cies used for testing the duration of the antagonistic activity of the
delivery system, but it is difficult to obtain sufficient blood and
urine samples from mice. It also was hypothesized that the phar-
macokinetics of naltrexone in man would resemble more closely
the pharmacokinetics of the antagonist in the monkey than in the
mouse.

A second, more sophisticated, procedure was necessary to deter-
mine the duration of the efficacy of the narcotic antagonist deliv-
ery systems to block the effects of an opiate. Even more important-
ly it was necessary to determine the duration of antagonistic activi-
ty versus the rewarding effects of the opiate rather than versus the
antinociceptive activity of the opiate as measured in the tail-flick
test. One of the classical methodologies used to measure the re-
warding property of drugs is the self-administration technique
which has been used in both rats and monkeys. The monkey was
the preferred species for this project for a number of reasons, in-
cluding the fact that the pharmacokinetics of naltrexone in the
monkey more closely resemble its pharmacokinetics in man and
considerable experience exists on the effects of narcotic analgesics
and their antagonists in monkeys.

It has been known for a considerable period of time that mon-
keys will titrate themselves with narcotic analgesics or for that
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matter with most of the many other drugs that act on the central
nervous system. A number of other classical conditioning experi-
ments have been developed in an attempt to quantitate the reward-
ing properties of a drug. None has proven to be as useful or as pre-
dictive of the rewarding properties of drugs in man as the self-ad-
ministration paradigm. The fact that a monkey will work very
hard by pressing a bar many times to receive an injection of these
drugs has led to the conclusion that the injections were rewarding
to the animal. Monkeys will not press a bar for an injection of
saline or other agent known not to act in the central nervous
system and therefore these substances are considered not to be re-
warding to the animal.

Monkeys are implanted with an indwelling cannula which is con-
nected to a vessel containing the drug solution or saline. These
monkeys are very valuable animals, due to their inital cost, the
need for sterile surgery during the cannula placement, the recov-
ery time and the training necessary to teach them to press the bar
for the drug injection. Therefore, only the most promising of the
delivery systems could be tested in this procedure. Monkeys used in
the studies with the narcotic antagonist delivery systems were
maintained on a repeated cycle of access to morphine, amphet-
amine, and saline through the cannula. The monkeys responded
frequently when either amphetamine or morphine was being self-
administered by a lever press, but their response rate was much
less during the saline portion of the cycle. Response rates were de-
termined prior to the implantation of the delivery system and re-
peatedly until response rates returned to control values after the
implantation. This procedure allowed the investigators to differen-
tiate the selective effect of a narcotic antagonist from the self-ad-
ministration of only the opiate, without altering the response rate
during the amphetamine portion of the cycle. In contrast, a general
central nervous system depressant would reduce significantly the
response rate in both the morphine and amphetamine portions of
the cycle.

Once again the question arose as to the proper agonist for these
experiments. It is quite possible, and often suggested, that the re-
warding effects of heroin are greater than those of morphine in
man. However, it has been demonstrated that naltrexone blocks
equally well the rewarding properties of heroin and morphine as
determined by this self-injection technique in monkeys. Therefore
morphine was chosen as the agonist for these experiments. It was
also felt to be an advantage to use the same agonist as was used in
the mouse tests.
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The duration of the antagonistic activity of naltrexone in the
drug delivery systems in the monkey was correlated to the blood
levels of naltrexone in these animals. Blood samples were taken pe-
riodically throughout the time of effective blockade and they were
analyzed for levels of naltrexone by the gas chromatographic-elec-
tron capture technique mentioned above. A good correlation was
found between the two parameters and these data overwhelming
support the view that the parent compound is responsible for the
antagonistic activity.

The final aspect of the animal testing paradigm was a safety
evaluation. The toxicity tests for this project can be somewhat
more complicated than usual, since not only the toxicity of naltrex-
one and the drug delivery matrix themselves need be studied, but
also one must study the toxicity of the combination of the narcotic
antagonist in the drug delivery system. Considerable but certainly
not all of the toxicity work with naltrexone had been completed
prior to the initiation of the project. The majority of the constitu-
ents of the drug delivery matrix had been approved for use in
humans for other reasons. Therefore, the one aspect of toxicity
which was of primary concern in this project was the toxicity of
the naltrexone and the drug delivery system combined.
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Pharmacological
Evaluation of Narcotic
Antagonist Delivery
Systems in Rhesus
Monkeys

Stephen E. Harrigan and David A. Downs

Rhesus monkeys were chronically restrained, intravenously
catheterized, and allowed to self-administer morphine,
methamphetamine, and saline. Various sustained-release
systems containing naltrexone were then implanted in the
animals and examined for selective morpine blockade.
Similarly, continuous intravenous infusions of naltrexone,
buprenorphine, and methadone were tested against mor-
phine or heroin self-administration.

INTRODUCTION

Our major objective was to determine the degree and duration of
blockade of the reinforcing properties of narcotics in rhesus mon-
keys after administration of narcotic antagonist delivery systems.
This was accomplished using the intravenous self-administration
preparation described by Harrigan and Downs (1). In brief, mini-
mally restrained rhesus monkeys were prepared surgically with
permanent jugular or femoral venous catheters and trained to
press a response key to receive intravenous injections of morphine,
methamphetamine, or saline. When stable rates of drug and saline
intake were achieved, delivery systems were administered and the
effects were monitored over time until recovery was evident. Ef-
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fects of narcotic antagonist delivery systems were compared
against those of acute or continuous administration of naltrexone,
methadone, and buprenorphine. Morphine and heroin self-adminis-
tration also were compared for their antagonism by naltrexone.
Some other objectives were to evaluate tissue reactions to various
narcotic antagonist delivery systems at the sites of administration
and to assess the preclinical toxicity of a selected delivery system.

MATERIALS AND METHODS

Self-Administration Procedures

Rhesus monkeys (Macaca mulatta) were housed individually and
were minimally restrained with a jointed metal arm and harness
system (2). About 180 g of Purina Monkey Chow and 1/4 fresh
orange or apple were fed daily, while water was continuously avail-
able. Each monkey was prepared surgically with a jugular or fem-
oral intravenous silicone rubber catheter. The distal end of the
catheter exited through the skin of the back and passed through
the hollow restraining arm to a reciprocating syringe driver (Su-
perspenser, Hook and Tucker Ltd., Croyden, England) mounted out-
side the cage.

A transilluminated plastic key (3.5 x 6.5 cm) served as the oper-
ant response device. One key press activated the pump to deliver
0.5 ml of drug solution through the catheter over 5 seconds fol-
lowed by a 5-second refill. Responses during the infusion cycle had
no consequences. Access to self-administration of drugs was limited
to a 15-minute period every 4 hours. Each access period was initiat-
ed by illuminating the key and by one automatic injection. Room
lights were controlled automatically to provide 12-hour diurnal
cycles.

Drug self-administration solutions usually were changed in a re-
peating cycle of 3 days on morphine sulfate (8 pg/kg/injection), 2
days on methamphetamine hydrochloride (4 pg/kg/injection), and 2
days on 0.9% sterile saline. Thus, within each week the monkeys
had 18 sessions of morphine availability, 12 sessions of methamphe-
tamine availability, and 12 sessions of saline availability. In a few
early studies, morphine, methamphetamine, and saline were each
available for 3 days at a time. All monkeys were exposed to this
schedule for at least 2 months or until drug and saline intakes re-
mained stable prior to the administration of antagonist delivery
systems.

Because self-administration behavior under these conditions was
maintained at low and variable rates at night, only the number of
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injections in each of the three daily “daylight” access periods was
used to compare treatments. Statistical comparisons were made
with analysis of variance and Newman-Keuls multiple range test.
All drug doses were expressed as base. When possible, delivery sys-
tems were administered in sufficient quantities to deliver a total
dose of 10 mg/kg of naltrexone.

Administration of Narcotic Antagonist Delivery Systems

Drug delivery systems generally were administered on the first
day of a period of saline self-administration. When necessary, keta-
mine hydrochloride (10 mg/kg) was used to anesthetize the mon-
keys prior to administration of a delivery system. Self-administra-
tion rates over subsequent cycles of exposure to morphine, meth-
amphetamine, and saline were monitored until morphine intake re-
turned to control levels. Duration of effect was determined as the
last week in which morphine rates were significantly (<0.05) lower
than control values. Implantable delivery systems usually were in-
serted subcutaneously in the abdominal area via 12-15 gauge tro-
cars. Injectable systems were administered into the rectus femoris
muscle, or in some cases, subcutaneously in the abdominal area.

Tissue Reactions

When possible, implantable devices were removed at the end of
measurable activity; gross visual examination of implant sites was
performed at that time. In some cases, biopsies were made of tis-
sues surrounding implant or injection sites and these were subject-
ed to histopathological analysis by Drs. J. Fitzgerald and S. Kurtz
of the Parke-Davis Department of Toxicology. With some systems,
sites of administration were examined sequentially in nonanesthe-
tized monkeys to determine the time-course of degradation of the
systems. Blood, urine, feces, and recovered systems or system frag-
ments were sent to other NIDA contractors for various analyses.

RESULTS WITH DELIVERY SYSTEMS

The classification of naltrexone delivery systems described below
is summarized in table 1.

Insoluble Salts

The pamoate acid salt of naltrexone in peanut oil (NIDA) blocked
morphine self-administration for less than 5 days, whereas naltrex-
one zinc tannate and naltrexone aluminum tannate (IITRI) in
peanut oil blocked morphine self-administration for about 24 days
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TABLE 1. Classification of Naltrexone Delivery Systems

Injections Implants
Insoluble Naltrexone Aluminum Tannate
Salts Naltrexone Zinc Tannate -
Naltrexone Pamoate

Erodrble Naltrexone Polylactic Acid Naltrexone Lactic glycolic Acid

Polymer Naltrexone Lactic glycolic Acid beads

Matrices Naltrexone Chronomer Rods
Naltrexone Palmitin Rods

Macro- Naltrezone Glutamic Acid

Reservoirs Leucine in Glutamic Acid

Leucine tubes.

Naltrexone (Dry or in water or in
sesame oil) in

Capronolactone Lactic Acid tubes

Micro- Naltrexone (Base) polylactrc acid
Reservoirs microcapsules
Naltrexone Pamoate polylactrc
acid microcapsules

(figure 1). Biopsy of one injection site 43 days after intramuscular
injection of naltrexone aluminum tannate revealed no marked
change of muscle fiber.

Injectable Erodible Polymer Matrices

Naltrexone polylactide (Yolles) suspended in
carboxymethylcellulose fully antagonized morphine for only a few
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FIGURE 1. Self-administration of morphine (8 p/kg/injection) (open circles),
methamphetamine (4 p/kg/injection) (solid squares), and saline (solid triangles)
following intramuscular injection of naltrexone pamoate, naltrexone aluminum

tannate, or naltrexone zinc tannate. Each point represents the mean of four

monkeys. Vertical bars denote =SEM. Asterisks indicate means significantly
different from corresponding control (C), (P< 0.05). Arrow signifies a single
intravenous injection of naltrexone; drug self-administration for one cycle is not
included in the figure.
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days (figure 2A). Examinations of injection sites revealed consider-
able tissue encapsulation of injected material.

Naltrexone in micronized polylactic/glycolic acid copolymer
(Dynatech) given subcutaneously in aqueous vehicle suppressed
morphine self-administration only for 3-5 days (figure 2B).
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FIGURE 2. Self-administration of morphine (8 p/kg/injection) (open circles),
methamphetamine (4 p/kg/injection) (solid squares), and saline (solid triangles)
following subcutaneous injections of naltrexone poly lactic acid (A) or naltrexone

polylactic-glycolic acid (B) polymers. Points in A represent means of two monkeys;
points in B represent means of four monkeys. Vertical bars denote +SEM.

Asterisks indicate means significantly different from control (C), (P<0.05).
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Implantable Erodible Polymer Matrices

Rods (1.7 x 10 mm) containing 33% naltrexone in a 75/25 dipal-
mitin/tripalmitin matrix (Battelle Northwest) produced about 20
days of significant morphine blockade (figure 3). The rods caused
very little gross tissue reaction and were easily removed at the end
of the study.

Rods (1 x 14 mm) containing 20% naltrexone, 10% disodium car-
bonate, and 70% Chronomer (ALZA) suppressed morphine self-ad-
ministration for about 20 days (figure 3). Recovery after 20 days
was very rapid and corresponded with the near-total absorption of
the rods from the implant sites. Sequential biopsies taken from
normal monkeys showed gradual liquification and eventual total
disappearance of these rods over a 30-day period. Gross tissue reac-
tion was minimal. Seventeen rods were required to deliver 10 mg/
kg naltrexone to each monkey.

Beads (1.5 mm) containing 70% naltrexone in a 90/10 lactic acid
glycolic acid copolymer (Dynatech) caused dose-dependent reduc-
tions in morphine self-administration (figure 4). Single beads (about
0.5 mg/kg naltrexone) caused a slight suppression of morphine self-
administration for only one morphine exposure (5 days) after the
implant. Three beads (about 1.5 mg/kg naltrexone) produced a 24%
reduction of morphine self-administration during the first mor-
phine exposure; thereafter morphine intake returned to control
levels within two weeks. Longer and more intense blockade oc-
curred after treatment with six beads (about 3 mg/kg naltrexone);
morphine self-administration was reduced by about 42% for 30
days, although none of the post-implant means were significantly
different from control (P>0.05).

Nine beads (about 5 mg/kg naltrexone) and 18-21 beads (about 10
mg/kg naltrexone) significantly suppressed morphine self-adminis-
tration for 30 days to rates equivalent to those for saline self-ad-
ministration (P<0.05). After 33 days, morphine self-injection rates
returned to control levels.

Monkeys receiving control beads (not containing naltrexone)
showed slight increases in morphine injections for the first two
weeks post-implant; thereafter, morphine self-administration re-
turned to near control levels.

Tissue reactions in rata, rabbits, dogs, and monkeys generally
consisted of local induration and chronic inflammatory response
with encapsulation. No suggestion of systemic drug toxicity was
found. Bead material was present at the sites of administration 3
months after implantation.
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FIGURE 3. Self-administration of morphine (8 p/kg/injection) (open circles),
methamphetamine (4 p/kg/injection) (solid squares), and saline (solid triangles)
following implanting of naltrexone-containing palmitin or Chronomer rods. Points
in upper figure represent means of three monkeys; points in lower figure are means
of four monkeys, Vertical bars denote +SEM. Asterisks indicate means significantly
different from control (P<0.05).
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Macro Reservoirs

Naltrexone (10%) in 35/65 glutamic acid/leucine copolymer
binder (90%) placed inside sealed tubes (1 ¢cm length, 0.19 cm outer
diameter) composed of copolymer walls 53-63 microns thick (A.D.
Little) blocked morphine self-administration for about 12 days
(figure 5A). The short duration of action and considerable tissue re-
action noted when the tubes were removed suggested that the walls
had prematurely failed, rapidly leaking naltrexone and binder. Ad-
ditional tubes, together with unloaded controls, were implanted in
normal dogs and monkeys to more fully characterize the unexpect-
ed tissue reactions. Results indicated that an unusual perivascular
lymphocyte accumulation was associated with the naltrexone-
loaded devices and equivocally or not at all with the controls.

Capronolactone/lactic acid copoylmer tubes (2 x 30 mm) (RTI)
containing either naltrexone powder or naltrexone suspended in

water or sesame oil all suppressed morphine self-administration to
about the same degree but for various durations. Figure 5B shows

that tubes 3 cm. in length containing dry naltrexone were effective
for about 30 days; tubes containing naltrexone in sesame oil had
about the same duration of effect. In contrast, identical tubes con-
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taining naltrexone in water lasted only for about 12 days. These
tubes biodegraded to the extent that large fragments of collapsed
tubes were recovered 50 days after implants. No gross tissue irrita-
tions were noted.

Micro Reservoirs

Naltrexone, either as a base or as the pamoate salt contained
within microcapsules (63-106 p diameter) of polylactic acid (Theis,
Washington University) was tested under a variety of conditions.
The microcapsules were suspended in either peanut oil or an aque-
ous vehicle and injected either subcutaneously or intramuscularly.
Intramuscular injection of microcapsules in peanut oil produced
very stable morphine blockade for about 50 days (figure 6). By the
same route but suspended in aqueous vehicle, the microcapsules
suppressed morphine self-administration for about as long but with
somewhat less consistency (figure 6). Microcapsules injected subcu-
taneously in water showed sustained activity, but the naltrexone
release rate appeared to be too low to provide full morphine block-
ade (figure 6). No biopsies were performed on intramuscular injec-
tion sites, but considerable swelling, erythema, and occasional ne-
crosis were observed in subcutaneous sites.

CONTINUOUS INTRAVENOUS INFUSIONS OF
NALTREXONE, BUPRENORPHINE, AND
METHADONE

Continuous intravenous infusions of naltrexone caused dose-re-
lated decreases in morphine (8 pg/kg/injection) self-administration.
The suppression of morphine self-administration remained stable
over the 4-week duration of each naltrexone infusion. When nal-
trexone was discontinued, morphine self-administration returned to
control levels within one or two morphine cycles (1). This study
demonstrated that morphine self-administration rates were sensi-
tive to naltrexone in a dose-dependent manner and that the sup-
pression of morphine self-administration by effective doses of nal-
trexone was stable over at least month-long intervals. In addition,
it was estimated that steady-state delivery of naltrexone at rates of
5 pg/kg/hour or more were adequate to provide complete blockade
of self-administration of a wide range of morphine doses.

Figure 7 shows that heroin self-administration also was sup-
pressed by continuous intravenous infusions of naltrexone. As with
morphine self-administration, the heroin self-administration dose-

347-877 0 - 81 - 7
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response curve was shifted to the right and decreased in maximum
as the naltrexone infusion rate increased.

Figure 8 shows that continuous intravenous infusions of metha-
done also can suppress heroin self-administration. In general, the
suppressant effects of methadone appeared to be similar to those of
naltrexone. However, when the methadone infusion rate was high
enough to block the self-administration of a broad range of heroin



ANTAGONIST DELIVERY IN MONKEYS 89

50 -
8 l
= 40 4
2 ! / '\ |
i | 1/ /
- |
& l/l
g ] NN
= |
é 10 l I/l\
z -
Z | /|\ / T\%

| $
co;\trol (') 10 50 50 IIO

DAYS AFTER MICROCAPSULE INJECTION (SC in water)

FIGURE 6. Self-administration of morphine (8 p/kg/injection) (open circles),
methamphetamine (4 p/kg/injection) (solid squares), or saline (solid triangles)
following injection of microencapsulated naltrexone pamoate intramuscularly or
subcutaneously. Points represent means of three or four monkeys. Vertical bars
denote = SEM. Asterisks indicate means significantly different from control
(P<0.05).

doses, the monkeys showed severe debilitation and depression. Two
out of three monkeys died during infusions of methadone above 24
mg/kg/day.

The effect of a continuous intravenous infusion of buprenorphine
at 40 pg/kg/hour was similar to that of naltrexone at 5-20 pg/kg/
hour. A lower rate of buprenorphine infusion (20 pg/kg/hour),
however, had only slight effect on morphine self-administration
(figure 9).

DISCUSSION

Narcotic self-administration by rhesus monkeys was found to be
a reliable, specific and sensitive measure of the effects of the drugs
and drug delivery systems described above. It seems very reason-
able to assume that the repeated self-administration of narcotics by
rhesus monkeys and by humans is determined by at least some
common pharmacological factors. This assumption is based on and
supported by the general observation that drugs which act as rein-
forcers (i.e., maintain self-administration behavior) in rhesus mon-
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keys act similarly in humans. A second assumption is that manipu-
lations which alter self-administration of narcotics by rhesus mon-
keys will act similarly in humans. However, the predictive value of
the procedures and the effects described above remains to be deter-
mined in clinical studies with antagonist delivery systems in
humans.

Although most of the delivery systems which were submitted to
us for evaluation contained naltrexone, it is apparent that other
agents are potentially equally effective. Thus, future objectives
could include the development of delivery systems for drugs with
improved efficacy and safety.

Finally, the impressive progress which has been made in the de-
velopment of narcotic antagonist delivery systems should be of sig-
nificant value in the development of other drug delivery systems
for a broad range of research and treatment areas.
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A Comparative Study of
the Oral, Intravenous, and
Subcutaneous
Administration of *H-
Naltrexone to Normal Male
Volunteers

Mario Perez-Reyes and Monroe E. Wall

*H-naltrexone was administered orally, intravenously, and
subcutaneously to groups of normal, male, paid volunteers.
The doses given were: 50 mg orally (specific activity 4 uCi/
mg), 1 mg intravenously (specific activity 200 uCi/mg), and
5 mg subcutaneously (specific activity 30 uCi/mg). At these
doses, the subjects did not experience any noticeable effects.
Following intravenous injection, plasma levels of radioac-
tivity were immediately high and declined rapidly during
the first 30 minutes and declined gradually thereafter. Fol-
lowing oral or subcutaneous administration, maximal
plasma levels were observed to occur one hour after dosing,
and reached similar levels to those obtained when the drug
was intravenously injected. This finding indicates the ex-
cellent bioavailability of naltrexone following oral or sub-
cutaneous administration. “H-naltrexone and/or its metabo-
lites were predominately excreted in the urine, and the
renal excretion was similar for all three routes of adminis-
tration. Fecal excretion is a minor gathway of elimination.
The urinary and fecal excretion of °“H-naltrexone was stud-
ied in one subject for 133 hours after drug ingestion, and it
was found that essentially all of the dose administered was
excreted in this period.
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INTRODUCTION

Naltrexone is a narcotic antagonist that in clinical pharmacologi-
cal trials appears to have longer duration of action and to be 2 to 3
times more potent than naloxone (1). Naltrexone has been com-
monly administered in doses ranging from 50 to 200 mg orally, or 1
to 80 mg subcutaneously, to postnarcotic addicts. The drug appears
to be well tolerated with no side effects if the subjects receiving the
drug have abstained from narcotic drugs for 4 weeks (2).

To obtain information on the bioavailability of naltrexone, pat-
tern of metabolism, and urinary and fecal excretion, the drug was
radiolabeled with tritium and administered orally, intravenously,
and subcutaneously to normal subjects. It is the purpose of this
communication to report the results obtained.

EXPERIMENTAL PROCEDURE

The subjects that participated in the experiments were all male,
healthy, paid volunteers who had never used narcotic drugs and
who were thoroughly informed about the nature and potential
risks of the experiment.

a) Oral administration: Six volunteers received 50 mg of “H-
naltrexone (specific activity 4 uCi/mg) dissolved in ethanol in two
gelatin capsules 3 hours after a light breakfast. Blood samples
were collected before drug administration, then at 15-minute
intervals for three hours, and at 4 1/2, 6, 12, and 24 hours. Urine
was collected at 3, 6, 12, 24, and 48 hours after drug ingestion, and
feces at 24 and 48 hours.

b) Intravenous administration: Five volunteers received 1.0 mg
of *H-naltrexone (specific activity 200 pCi/mg), dissolved in 1 ml of
normal saline in a single bolus intravenous injection. Blood sam-
ples were collected before drug administration, at 30 seconds, at 1,
3, 5, 10, 15, 30, 60, 90, 120, 150, and 180 minutes, and at 5, 7, 10, and
24 hours. Urine was collected at 3, 6, 12, 24, 48, and 72 hours.

¢) Subcutaneous administration: Two volunteers received 5 mg
of *H-naltrexone (specific activity 30 pCi/mg), dissolved in 1 ml of
normal saline in a single subcutaneous injection. Only two subjects
were tested because of reports about possible carcinogenicity of
naltrexone which temporarily halted our experiments. Blood sam-
ples were collected before drug administration, at 5, 10, 20, 30, 45,
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60, 75, and 90 minutes, and at 2, 4, 6, 8, 10, 24, 30, and 48 hours.
Urine was collected at 3, 6, 12, 24, 48, and 72 hours.

In the biological samples obtained in the experiments, the total
radioactivity present was measured by liquid scintillation spec-
trometry in triplicate aliquots. Determination of *H-naltrexone and
its metabolites was performed by chromatographic procedures and
will be reported elsewhere.

RESULTS

a) Clinical effects: Neither the oral, intravenous, nor subcutane-
ous administration of naltrexone, at the doses used, produced any
clinical effects other than a slight degree of drowsiness which
could have been produced by a total lack of physical activity for
the first 3 hours of the experiment.

b) Percentage of the dose administered present in the plasma:
Although the same dose of naltrexone was administered to all the
subjects in each of the three routes of administration studied, the
subjects tested within each group had different body weights.
Therefore, the results have been expressed as the percentage of
the total radioactivity administered present in the theoretical
total plasma volume at each of the time intervals sampled. The
total plasma volume of each subject was calculated on the basis
that the average human plasma volume is 45.4 ml/kg of body
weight (3). The plasma volume of each subject was multiplied by
the disintegrations per minute per milliliter of plasma, and from
this value, the percentage of the total radioactivity administered
was calculated.

The plasma levels obtained after oral naltrexone (table 1) show
that the mean gastrointestinal absorption of naltrexone reached
maximal plasma levels at 105 minutes after drug ingestion, re-
mained essentially unchanged for the next three hours, and then
decreased progressively at 6, 12, and 24 hours. However, drug ab-
sorption differed significantly among the subjects tested. Thus,
three subjects absorbed the drug rapidly, reaching maximal plasma
levels at 90 minutes; two subjects absorbed more slowly, reaching
maximal plasma levels at 150 minutes; and one subject absorbed so
slowly that he did not reach maximal plasma levels until 4 hours
after drug administration.
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TABLE 1. Percentage of the Total Dose Present in the Total Plasma
Volume Following the Oral Administration of 3H-Naltrexone

TIME R.C. R.B. PM. ER. KB. WM MEAN SD.
15' 0 0.01 0.03 0.04 0.03 0.02 0.02 0.01
30' 030 0.64 151 042 009 0.15 0.52 0.48
45' 052 1.07 194 131 032 0.0 0.94 0.56
60' 067 125 208 1.08 047 0.77 1.05 0.53
75' 058 138 223 1.04 062 117 1.17 0.55
90' 055 160 175 131 088 0.65 1.12 0.46
105 0.83 1.51 1.95 161 0.96 1.46 1.39 0.38
120' 080 154 1.91 114 099 1.67 1.34 0.39
135' 099 147 151 1.41 1.23 1.67 1.36 0.22
150' 1.38 0.97 140 111 1.22 1.75 1.31 0.25
165 1.20 1.30 1.39 147 1.26 1.73 1.39 0.17
160' 1.16 1.25 146 1.32 1.29 1.52 1.33 0.12
4%hrs 134 1.04 099 019 1.50 1.65 1.29 0.24
6 hrs 111 069 056 093 1.10 1.14 0.93 0.22
12hrs 055 050 054 059 054 0.73 0.56 0.06
24hrs 018 025 023 027 034 042 0.28 0.08

TABLE 2. Percentage of the Total Dose Present in the Total Plasma
Volume Following the Intravenous Administration of 3H-Naltrexone

TIME M.H. A.G. R.C. SB. TD. MEAN S.D.
30 0 012 1206 143 0.64 2.85 5.18
1 3.03 1.40 5.06 3.21 8.82 4.30 2.84
3' 3.22 1.91 3.09 1.95 2.90 2.61 0.63
5' 2.23 1.76 2.22 1.60 2.12 1.99 0.29
10' 1.68 1.51 1.76 1.50 1.79 1.65 0.14
15' 1.50 1.32 1.67 1.20 1.78 1.49 0.24
30' 1.40 1.17 1.57 1.41 1.45 1.40 0.14
60’ 1.11 1.09 1.45 1.36 1.34 1.27 0.16
90’ 1.01 1.02 141 126 124 1.19 0.17
120' 0.90 0.93 1.30 1.23 1.12 1.10 0.18
150' 0.93 0.84 1.19 1.07 1.04 1.01 0.13
180' 0.97 0.72 1.06 1.07 1.03 0.97 0.15
5 hrs 0.94 0.80 1.28 1.20 1.13 1.07 0.20
7 hrs 0.86 0.74 1.08 1.05 0.96 0.94 0.14
10 hrs 0.32 0.38 0.79 0.72 0.73 0.59 0.22
24 hrs 0.13 0.13 0.22 0.27 0.22 0.19 0.06

The plasma levels obtained after intravenous naltrexone are il-
lustrated in table 2. Maximal levels of radioactivity were observed
to occur in the plasma one minute after the intravenous injection
of the drug and to decline sharply during the next 15 to 30 min-
utes. Then the plasma levels of radioactivity remained relatively
steady for the next 7 hours and declined at 12 and 24 hours.
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TABLE 3. Percentage of the Total Dose Present in the Total Plasma
Volume Following the Subcutaneous Administration of 3H-Naltrexone

Time L.B. J.W. MEAN S.D.
5' 0.27 0.08 0.18 0.13
10' 0.48 0.26 0.37 0.16
20' 0.91 0.64 0.78 0.19
30' 1.02 0.84 0.93 0.13
45' 1.13 0.90 1.02 0.16
60' 1.28 0.97 1.13 0.22
75' 1.16 0.95 1.06 0.15
90’ 1.25 1.04 1.15 0.15
120 1.24 1.00 1.12 0.17
4 hrs 1.01 1.06 1.04 0.04
6 hrs 0.76 0.67 0.72 0.06
8 hrs 0.51 0.46 0.49 0.04
10 hrs 0.31 0.32 0.32 0.001
24 hrs 0.16 0.16 0.16 0

30 hrs 0.12 0.13 0.13 0.001
48 hrs 0 0 0 0

FIGURE 1

PERCENTAGE OF THE TOTAL DOSE ADMINISTERED PRESENT IN THE TOTAL PLASMA VOLUME
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The plasma levels obtained after subcutaneous naltrexone are il-
lustrated in table 3. Maximal levels of radioactivity were observed
to occur in the plasma 60 minutes after the subcutaneous injection
of the drug, remain steady for the next 3 hours, and decline pro-
gressively thereafter.

A comparison of the plasma levels of naltrexone and its metabo-
lites obtained after the intravenous, subcutaneous, and oral admin-
istration of the drug is illustrated in figure 1.
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FIGURE 2

CUMULATIVE URINARY EXCRETION OF °H-NALTREXONE
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This figure shows that, as expected following the intravenous in-
jection, the plasma levels of the drug are immediately high and
then decline rapidly in a period of 15 to 30 minutes. The low levels
of radioactivity present in the plasma even at peak values suggest
that the drug is poorly bound to the plasma proteins, rapidly leaves
the compartment, and is distributed into the body tissues. Follow-
ing the oral or subcutaneous administration of naltrexone, the
plasma levels progressively increased to reach a maximum level at
approximately 60 minutes. It would appear that the drug was more
rapidly absorbed after the subcutaneous injection; however, since
only two subjects were studied by this route, this result cannot be
considered significant. The plasma levels of radioactivity observed
one hour after drug administration were similar for all three
routes, which indicates the excellent bioavailability of the drug
after oral or subcutaneous administration. The plasma levels de-
clined progressively during the 24 to 48 hours of observation to un-
detectable values, probably because of the extensive urinary excre-
tion of naltrexone and/or its metabolites.

c) Percentage of the dose administered excreted in the urine: The
urinary excretion of naltrexone and/or its metabolites was rapid,
extensive, and essentially similar for the three routes of administra-
tion investigated (table 4). Thus, more than 12% of the total dose
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administered was excreted during the first 3 hours, and more than
45% at the end of 24 hours. Figure 2 again illustrates the similar
average cumulative urinary excretion of the total radioactivity
administered by the three different routes at the time intervals
sampled. This result indicates that the renal clearance of naltrexone
and/or its metabolites is constant and independent of the route of
administration.

TABLE 4. Percentage of the Total Radioactivity Excreted in the Urine
Following the Administration of 3H-Naltrexone

INTRAVENOUS ORAL SUBCUTANEOUS
TIME
MEAN SD. MEAN S.D. MEAN S.D.
3 hrs 15.04 + 4.43 13.88 + 3.05 12.34 + 0.59
6 hrs 10.99 + 2.60 9.66 + 2.18 10.85 + 2.02
12 hrs 9.84 + 4.61 10.45 + 5.38 18.14 + 1.87
24 hrs 10.77 = 6.02 13.25 + 2.18 8.63 + 047
48 hrs 8.23 = 4.17 8.64 £ 2.76 10.82 + 0.02
72 hrs 3.11 £ 1.68 425 + 1.58
TOTAL 57.99 + 10.33 55.88 + 5.85 65.01 + 1.53

Figures represent the mean of the groups * the standard deviation.

d) Percentage of the dose administered excreted in the feces: Follow-
ing oral ®H-naltrexone, the mean fecal excretion of radioactivity
was, on the average, 3.3% of the dose in the 48 hours following drug
ingestion. This result indicates that more than 95% of the dose given
was absorbed from the gastrointestinal tract. Since the fecal excre-
tion following oral naltrexone was minor, no attempt was made to
collect feces after intravenous or subcutaneous dosing.

It became a matter of concern that we could only account for ap-
proximately 61% of the dose being excreted (58% in the urine and
3.3% in the feces) following oral *H-naltrexone. In order to investi-
gate the maximum excretion of *H-naltrexone, the drug was admin-
istered orally to one subject, and plasma, urine, and feces were col-
lected at appropriate intervals for a period of 133 hours. The
plasma levels of radioactivity were similar to those obtained before
and became undetectable after 48 hours. The results of the urinary
and fecal excretion of radioactivity (table 5) indicate that as in our
previous studies, the largest excretion occurred during the first 48
hours and declined progressively thereafter. The total dose excret-
ed after this long interval of time was 79.3% in the urine, and
13.7% 1in the feces for a total of 93% of the amount ingested. Since
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TABLE 5. Percentage of the Total Radioactivity Administered
Excreted by One Subject Following Oral 3-H Naltrexone

Time Urinary Excretion Fecal Excretion
24 hrs 60.91 0.58

48 hrs 12.88 9.42

72 hrs 3.56 2.80

96 hrs 1.23 0.10

120 hrs 0.55 0.70

133 hrs 0.15 0.10
TOTAL 79.28 13.70

Total Excretion = 92.98

total collection of all urine and especially all the feces is impossi-
ble, we consider, for practical purposes, that the entire amount of
naltrexone and/or its metabolites was excreted in this interval of
time.

In conclusion, naltrexone is a narcotic antagonist drug that is
rapidly and completely absorbed from the gastrointestinal tract or
from the subcutaneous tissue and can be intravenously adminis-
tered in small doses without any untoward effects. The intravenous
administration of naltrexone should be considered in the treatment
of narcotic overdose emergencies, since this drug is 2 to 3 times
more potent than naloxone, a drug that is presently used as the
standard emergency treatment for narcotic overdose.
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The Metabolism of
Naltrexone in Man

Monroe E. Wall, Dolores R. Brine, and Mario Perez-
Reyes

The metabolism and elimination of [15,16-’H,] naltrexone
hydrochloride was studied in man following oral and in-
travenous administration. The same metabolites, although
in varying proportions, were observed in both cases; conju-
gated naltrexone and nonconjugated and conjugated 6f3-
naltrexol were the major metabolites observed in plasma,
urine, and feces. 2-Hydroxy-3-O-methyl-6f-naltrexol was
found in minor quantities. Naltrexone was almost com-
pletely absorbed following oral administration. About 60%
of the dose was found in the urine and only 5% in the
feces. A similar urinary excretion pattern was observed
after intravenous administration of naltrexone. In early
time periods after oral administration there was a rapid in-
crease in free naltrexone plasma levels up to 1 hr. After
this time, levels remained fairly constant up to 4 hr and
then gradually declined. A similar pattern was observed for
conjugated naltrexone and nonconjugated and conjuated
6f3-naltrexol. These metabolites were found at levels 4-6
times higher than the parent compound at all times sam-
pled. After intravenous administration, nonconjugated nal-
trexone plasma levels dropped sharply and continuously.
The major metabolites exhibited a pattern closely resem-
bling that found for oral administration. Combined gas
chromatography-mass spectrometry was used to validate the
presence of naltrexone, 6f-naltrexol and 2-hydroxy-3-O-
methyl-6f3-naltrexol in urine, The structure of the latter
was rigorously proven by >C-NMR. No evidence for the
presence of noroxymorphone or 3-O-methyl-63-naltrexol
could be obtained by gas chromatography-mass spectrom-
etry. The metabolism of naltrexone administered subcutan-
eously was also determined in two subjects. Larger amounts
of 2-hydroxy-3-O-methyl-6f3-naltrexol were found in plasma
than had been present after oral or intravenous administra-
tion.

105
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INTRODUCTION

Naltrexone (I) (figure 1) is a potent narcotic antagonist which has
been proposed for the treatment of opiate dependence (1). An excel-
lent review of this subject can be found in the paper by Verebey et
al. (2). Cone isolated and identified 6B-naltrexol (II) as the major
urinary excretion product of I in man (3). A detailed study of the
urinary excretion of I in man was carried out by Cone et al. (4) and
by Verebey et al. (5), both groups reporting that 6B-naltrexol was
the major component in urine. Verebey et al. have developed sensi-
tive gas liquid chromatography (GLC) methodology with electron-
capture detection for the quantitative determination of naltrexone
and 6B-naltrexol in human plasma (6). In other studies, Verebey
and coworkers have described the isolation and identification of a
new metabolite of naltrexone in human blood and urine, which
they identified as 2-hydroxy-3-O-methyl-68-naltrexol (III) (7). Cone
et al. (8) have recently identified both III and 2-hydroxy-3-O-
methyl-naltrexone in urine by GLC techniques. Verebey et al. (2)
studied the oral administration of I and determined plasma levels
of T and its metabolites, II and III, in man. Recent studies in our
laboratory and by Ludden et al. (9) have indicated that other meta-

111 v

FIGURE 1. Naltrexone (I), 6B3-naltrexol (II), 2-hydroxy-3-O-methyl-66-naltrexol (III),
3-0O-methyl-6B-naltrexol (IV).
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bolites such as 6a-naltrexol, 3-O-methyl-6B-naltrexol (IV), or norox-
ymorphone can be found in animals and man.

A major objective of our investigation is to obtain information
concerning naltrexone metabolism and pharmacokinetics that may
be subsequently applied to the pharmacokinetic and pharmacologic
evaluation of sustained-release naltrexone delivery systems in man.
The present paper is concerned with the metabolism and excretion
of T administered via oral (po) and intravenous (iv) routes. Some
limited preliminary data obtained by subcutaneous administration
(sc) of I are also included. The iv and sc data are being reported for
the first time in man. The study was designed to take advantage of
the availability of a number of synthetic reference compounds such
as I-IV (figure 1), noroxymorphone, 3-O-methyl-naltrexone, and 2-
hydroxy-3-O-methylnaltrexone, which are available through syn-
thetic studies carried out at the Research Triangle Institute.

MATERIALS AND METHODS
Chemicals and Materials

Naltrexone hydrochloride was obtained from the National Insti-
tute on Drug Abuse (NIDA). [15,16-’H,] naltrexone hydrochloride,
6B-naltrexol, 2-hydroxy-3-O-methylnaltrexone, 3-O-methyl-naltrex-
one, 2-hydroxy-3-O-methyl-6B-naltrexol, and 3-0-methyl-66-nal-
trexol were prepared at the Research Triangle Institute. Ethanol
(95%, USP) was purchased from U. S. Industrial Chemical Co., Lou-
isville, Ky. All other solvents were of reagent grade and were used
without further purification. A solution of B-glucuronidase (100,000
units/ml) and sulfatase (10,000 pmol of p-nitrocatechol sulfate
cleaved per hr per ml) from Helix pomatia (Type H-2) was pur-
chased from Sigma Chemical Co., St. Louis, M0. Omnifluor was ob-
tained from New England Nuclear, Boston, Mass. Monophase-
was purchased from Packard Instrument Co., Downers Grove, Il
Thin-layer chromatography plates were 20 x 20 cm silica gel-on-
glass plates (0.25 mm thickness) prepared by E. Merck, Darmstadt,
Germany. A 2% solution of methoxyamine hydrochloride in pyr-
idine (Mox reagent) and Tri-Sil TBT were obtained from Pierce
Chemical Co., Rockford, Ill. Sephadex LH-20 was purchased from
Pharmacia Fine Chemicals, Piscataway, N.dJ.

Clinical Procedures

In the study involving oral administration of the hydrochloride
salt of I, six normal males received 50 mg of I hydrochloride con-
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taining 200 uCi of [15,16-°H,]-I hydrochloride. The drug was adminis-
tered in 1 ml of water/95% ethanol (1:1, v/v) in two gelatin cap-
sules 3 hr after subjects had received a light breakfast. Blood sam-
ples were drawn at 15-min intervals for 3 hr and at 4.5, 6, 12, and
24 hr. Plasma and red blood cells were separated by centrifugation.
Urine was collected at 0-3, 3-6, 6-12, 12-24, and 24-48 hr after drug
ingestion. Feces were collected at 0-24 and 24-48 hr.

Five normal male volunteers each received an iv injection of 1
mg of I hydrochloride (containing 198 uCi of [15,16-"H,]-I hydrochlo-
ride) dissolved in 1 ml of normal saline. Blood samples were collect-
ed at 0.5, 1, 3, 5, 10, 15, 30, 60, 90, 120, 150, and 180 min and at 5, 7,
10, and 24 hr. Plasma and red blood cells were prepared. Urine was
collected at 0-3, 3-6, 6-9, 9-12, 12-24, 24-48, and 48-72 hr.

Two male volunteers received an sc injection of 4.4 mg of nal-
trexone hydrochloride (containing 126 uCi of [15,16-°H,] naltrexone
hydrochloride dissolved in normal saline. Blood samples were col-
lected at 5, 10, 20, 30, 45, 60, 75, and 90 min and at 2, 4, 6, 8, 12, 24,
30, and 48 hr. Urine was collected through 72 hr. After the initial
pilot study was conducted, preliminary reports were received of
possible tumor formation produced when naltrexone was adminis-
tered to rodents. Although these initial reports have since been
largely discounted, all studies of naltrexone in man were terminat-
ed for the time being by our group.

Analytical Methods

These procedures are presented in detail in this monograph in
our paper dealing with analytical methodology (10).

RESULTS

Plasma Concentration of Naltrexone and Metabolites after Oral
Administration

The data for total drug, nonconjugated, and conjugated I plus
metabolites found in the plasma of human volunteers are shown in
figure 2. A rapid increase in total drug concentration occurred be-
tween 15 min and 1 hr. Levels of total drug (calculated as naltrex-
one equivalents) reached maximal values around 240 ng/ml (0.5%
dose/liter of plasma) in 2 hr, remained almost constant through 4.5
hr, and then decreased to 50 ng/ml in 24 hr. The level of the total
conjugated fraction was threefold that of nonconjugated naltrexone
and metabolites. Table 1 presents the analytical data for both non-
conjugated and conjugated I and its metabolites, II, III, and IV. In



NG/ML PLASMA

O TOTAL
O FREE
7 CONJUGATED

T T

L
1 2 3 4 5 6 7 8 9 10 1N 12

HOURS AFTER DOSE

FIGURE 2. Naltrexone and metabolites found in human plasma after oral administration of
50 mg naltrexone hydrochloride. Values are the average for four subjects.

ANOXHYLTVN 40 WSITOIVIANW NVINNH

601



110 NALTREXONE SUSTAINED-RELEASE PREPARATIONS

TABLE 1. Naltrexone and Metabolites Found in Human Plasma After
Oral Administration of 50 mg Naltrexone Hydrochloride

Values are the average for four subjects.

ng/ml plasma + SE found nonconjugated as

Time
(min) 2-OH-3-0-
Tlc Methyl- 3-0-Methyl-
Origin 6R-Naltrexol 6R-Naltrexol ~ 6R-Naltrexol Naltrexone
15 0.085 + 0.044 14 + 11 0.67 £ 0.35 0.23 + 0.11 0.097 + 0.050
30 0.96 + 0.40 16 + 10 055 + 0.22 097 + 0.54 44 £ 23
45 14 + 0.5 22 £ 10 094 £+ 011 085 + 0.13 6.0 + 2.1
60 16 + 04 24 + 8 13 £ 0.3 0.96 + 0.08 6.5 + 22
75 18 + 0.5 22 £ 7 17 £ 0.5 0.72 + 0.28 6.5 + 3.3
90 25+ 08 27 £+ 7 27 + 0.6 0.78 + 0.14 59 + 16
105 3.0 £ 09 29 £ 5 26 £ 0.6 13 + 0.6 6.7 + 14
120 22 £ 08 27 £ 5 27 £ 07 0.85 + 0.19 75 + 2.0
135 23 £ 03 32 £ 4 19 £ 05 0.72 + 0.08 79 + 1.9
150 25+ 04 28 £ 2 24 + 05 0.95 + 0.24 6.9 + 21
165 24 + 03 29 + 4 24 £ 0.7 13 + 04 6.8 + 16
180 34 + 15 30 + 4 31 = 11 0.86 + 0.36 6.2 + 20
270 18 + 0.2 32 £ 4 32+ 12 1.0 + 0.26 74 £ 26
360 12 £ 0.2 22 + 4 24 £ 0.6 0.97 + 0.34 44 £ 16
720 0.64 £ 0.19 13 £ 2 22 £ 10 0.62 + 0.19 30 + 0.9
1440 0.39 + 0.08 6.3 £1.2 15 = 06 0.37 £ 0.05 11 £ 04
ng/ml plasma + SE found conjugated as
Time 2-OH-3-0-
(min) Tlc Methyl- 3-0-Methyl-
Origin 60R-Naltrexol 6R-Naltrexol ~ 6B-Naltrexol  Naltrexone
15 15+ 08 071 =+ 023 046 + 013 12 +0.4 17 £ 0.7
30 17+ 9 64 + 26 3.6 + 32 99 + 56 22 +9
45 18+ 6 19 £ 5 44 £ 17 " +7 46 = 12
60 18+ 6 24 £ 5 53 = 20 16 + 9 50 £ 11
75 16+ 4 26 + 8 91 + 35 17 £ 8 44 £+ 12
90 19+ 4 29 + 8 8.8 + 4.0 2 +9 50 + 8
105 22+ 4 39 + 8 9.8 + 46 18 £ 9 52 £+ 7
120 25+ 6 34 £ 6 8.0 + 17 16 + 5 56 £ 12
135 26t 5 32+ 6 58 + 1.8 15 + 6 52 £+ 15
150 28+ 1 37 £ 3 81 + 25 24 + 11 67 + 14
165 32+ 2 37 £ 3 91 + 0.3 19 + 4 50 £ 17
180 30+ 6 29 + 6 6.7 + 2.1 16 + 3 49 + 11
270 3819 44 + 11 76 + 1.1 14 + 7 34 + 12
360 26+ 6 48 + 16 76 + 22 6.4 + 34 24 £ 5
720 15+ 4 24 + 4 53 + 1.8 28 + 0.8 15+ 5
1440 43 + 14 12 + 2 52 + 22 58 + 14 42 £ 15
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FIGURE 3. Naltrexone and 68-naltrexol levels in plasma after oral administration
of 50 mg naltrexone hydrochloride. Values are the average for four subjects.

addition, results are presented for an unidentified polar material
(not noroxymorphone) which did not migrate from the TLC origin.
Figure 3 presents plasma decay curves for naltrexone and 68-nal-
trexol. The data in table 1 and figure 3 show that nonconjugated
naltrexone levels increased rapidly during the first 1530 min fol-
lowing oral administration and attained values of 6-8 ng/ml over
the period from 45 min to 4.5 hr. After this time levels began to
decrease, falling to 1 ng/ml after 24 hr. The plasma half-life of I in
the declining phase (3-24 hr, cf. figure 3) was 8.0 hr. The major me-
tabolite found in the plasma was 6B-naltrexol, (II), which showed
pharmacokinetics similar to I (plasma half-life 8.9 hr between 3-24
hr). Maximal levels of II were in the neighborhood of 22-30 ng/ml
between 45 min and 4.5 hr. Other metabolites, III and IV, were
minor, their concentrations never exceeding 3 ng/ml and 1 ng/ml,
respectively. In the conjugated fraction, the relationships between I
and II were reversed. In this case I was found to be the major prod-
uct, with maximal levels between 50-60 ng/ml during 1-3 hr (cf.
table 1). Values of II were about 40% lower. Levels of conjugated I
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did not materially decrease until 12 hr after administration. The
values for III and IV were considerably higher in the conjugated
fraction than in the nonconjugated fraction. The former metabolite
had maximal values of about 9 ng/ml from 1.25 to 2.75 hr; the
latter had values of 15-20 ng/ml from 1 to 4.5 hr.

Urinary Excretion after Oral Administration

Urinary excretion after oral administration of I is shown in table
2 and figure 4. About 30% of the total dose was excreted during the
first 12 hr, 50% in 24 hr, and 60% in 48 hr. The analytical data for
each time period for naltrexone and its metabolites, both nonconju-
gated and conjugated, are shown in table 2. 6B-naltrexol was the
major compound found in the urine in the free form. The concen-
tration of nonconjugated I was much lower than that of II (about
0.1) and was even lower than the levels of the minor metabolites,
IIT and IV. Average renal clearance values for nonconjugated I and
II calculated by the method described by Verebey et al. (2) were 77
and 270 ml/min, respectively.

TABLE 2. Naltrexone and Metabolites Found in Human Urine After
Oral Administration of 50 mg Naltrexone Hydrochloride

(Values are the average for six subjects + SE.)

pg found nonconjugated as

Time 2-OH-3-0-
(hr)  Tic 6R- Methyl-6R3- 3-0-Methyl-
Origin Naltrexol Naltrexol 6R-Naltrexol ~ Naltrexone
3 80 + 7 1900 + 800 200 + 98 420 + 300 130 + 43
6 42 + 20 1200 + 600 240 + 110 200 + 220 85 + 42
12 46 + 18 1400 £ 500 350 = 140 310 + 350 84 + 50
24 60 = 33 2000 + 400 590 + 388 390 + 450 140 + 81
48 53 + 14 1400 £+ 700 390 + 270 340 + 330 150 + 76
pg found conjugated as
Time - 2-OH-3-0-
(hr) Or(i; - 6R- Methyl-68-  3-O-Methyl-
9 Naltrexol Naltrexol 6R-Naltrexol Naltrexone
3 510 + 130 1600 + 700 120 = 50 210 + 50 2100 + 680
6 410 + 100 1300 + 200 100 * 40 150 + 100 980 + 510
12 410 + 230 1900 + 900 160 = 70 120 + 90 800 + 660
24 360 = 140 2500 + 400 260 + 100 100 + 60 580 + 260
48 180 + 70 1600 + 600 230 + 110 42 + 17 180 + 68
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FIGURE 4. Naltrexone and metabolites found in urine after oral administration of
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114 NALTREXONE SUSTAINED-RELEASE PREPARATIONS

The conjugated fraction of the urine exhibited markedly differ-
ent relationships in the relative abundance of I and II. At the ini-
tial time period, 0-3 hr, I was found at higher levels than II. The
levels of I then dropped sharply. II was again the major metabolite
at all the other time periods. Only small proportions of III and IV
were present. A considerable amount of highly polar material
which did not move from the origin was also found in the conjugat-
ed fraction. Values for the cumulative percent dose excreted as
nonconjugated and conjugated I and II are shown in figure 5. It is
evident from this data that only trace quantities of naltrexone
were excreted in the urine in the nonconjugated form. On the
other hand, significant quantities of the drug were excreted in the
conjugated form. In contrast, the more highly oxygenated minor
metabolites were excreted to a greater extent in the nonconjugated
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FIGURE 5. Naltrexone and 68-naltrexol excreted in the urine after oral
administration of 50 mg naltrexone hydrochloride. Values are the average for six
subjects.
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than in the conjugated form. The major excretionary product was
6B-naltrexol, the concentrations of the nonconjugated and conjugat-
ed forms being almost equal.

Fecal Excretion after Oral Administration

The feces were not a major route of elimination for naltrexone
and its metabolites. Analytical data are shown in table 3. In the
first 48 hr after administration of a 50 mg oral dose, only 4.8% of
the total dose was found in the feces, the larger portion of which
was excreted in the 24-48 hr time period. I and metabolites were
determined both in the nonconjugated and conjugated form in the
methanol-soluble feces fraction. 6B-naltrexol was the major con-
stituent found in both the nonconjugated and conjugated fractions.
There was also a methanol-insoluble fraction somewhat more siz-
able than the methanol-soluble fraction.

Plasma Concentration of Naltrexone and Metabolites after
Intravenous Administration

The plasma levels of total drug, nonconjugated, and conjugated I
plus metabolites after iv administration are shown in figure 6. The
total and nonconjugated drug fractions showed rather similar
plasma decay curves. Initially a sharp decrease in drug levels oc-
curred in the period between 1-15 min (@ phase). This was followed
by a more gradual loss of drug from the plasma over the next 24 hr
(B phase). In contrast, the total conjugated fraction rose sharply be-
tween 1-30 min, increased to a maximum in 1 hr, gradually de-
creased through 10 hr, and then sharply decreased between 10-24
hr. The complete data for the individual metabolites of naltrexone,
both nonconjugated and conjugated, are shown in table 4.

The plasma disappearance curves for naltrexone and 60B-nal-
trexol, nonconjugated and conjugated, are shown in figure 7. Levels
of nonconjugated I decreased rapidly over the 1-30 min time inter-
vals (a phase) with a half-life of 8.5 min; the half-life for the B3
phase calculated from 1.5-10 hr was 1.9 hr. Levels of nonconjugated
II increased rapidly up to 1 hr. The rate of decline for II was much
slower than for I; the half-life from 1-24 hr was 9.3 hr. Conjugated I
and II exhibited plasma decay curves similar to nonconjugated II,
having lengthy retention times. On the other hand, nonconjugated
I showed a much sharper decline in the B phase. Levels of metabo-
lites III and IV were insignificant.



TABLE 3. Naltrexone and Metabolites Found in Human Feces after Oral Administration of 50 mg Naltrexone

Hydrochloride
ug found as
Time Methano! soluble-nonconjugated
(hr} 2-OH-3-0 3-0-
Total Methanol methyl-63- Methy!-6f3-
Feces insoluble TLC origin 6B-Naitrexol naltrexol naitrexol Naltrexone
24 310 = 200 120 + 80 4.1 = 21 110 = 80 32 22 095 = 0.36 26 = 14
48 2400 = 1000 1300 = 700 39 = 17 470 = 230 99 ~ 17 44 = 15 150 = 110
ug found as
Time Methanol soluble-conjugated
(hr) 2-0H-3-0 3-0-
Total Methanal methy!-68- Methyl-64-
Feces Insolublie TLC origin 6(3-Naltrexol naltrexol naltrexol Naltrexone
24 310 + 200 120 = 80 59 =29 30 ~ 17 0.72 = 0.31 0.83 = 0.31 84 r 64
48 2400 = 1000 1300 = 700 68 = 27 290 + 60 6.7 =20 1.7 =09 77 = 72

Values are the average for five subjects
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FIGURE 6. Naltrexone and metabolites found in human plasma after intravenous
injection of 1 mg naltrexone hydrochloride. Values are the average for five subjects.
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118 NALTREXONE SUSTAINED-RELEASE PREPARATIONS

TABLE 4. Naltrexone and Metabolites Found in the Plasma of
Subjects Receiving 1 mg Naltrexone Hydrochloride Intravenously

ng per ml plasma found nonconjugated as

Time 2-OH-3-0
(min) methyl-61- 3-0-Methyl-
TLC origin 63-Naltrexol naltrexol 6R-naltrexol  Naltrexone
1 21 £+ 08 031 £ 0.05 22 + 06 22 £ 07 82 + 0.7
3 0.89 £+ 017 0.30 + 0.04 061 + 024 054 = 0.22 43 £ 12
5 0.60 + 0.11 047 + 0.10 0.49 + 0.12 050 £ 0.30 33 +04
10 052 + 011 0.78 + 0.14 0.16 + 0.04 0.32 + 0.22 23 £ 03
15 0.39 £ 0.07 0.72 + 0.13 0.17 + 0.04 0.20 + 0.05 18 + 0.2
30 0.26 + 0.03 0.80 = 0.09 0.11 + 0.07 0.085 + 0.019 1.5 £ 0.2
60 0.22 + 0.04 0.75 + 0.08 0.082 = 0.015 0.052 + 0.019 0.87 * 0.1
90 0.17 + 0.03 0.72 + 0.05 0.11 + 0.02 0.058 + 0.004 0.73 + 0.09
120 0.16 + 0.04 0.79 + 0.11 0.15 + 0.03 0.044 + 0.008 0.63 + 0.08
150 0.17 + 0.02 0.66 + 0.08 0.11 + 0.02 0.052 + 0.005 0.53 * 0.06
180 0.12 £ 0.03 0.75 + 0.11 0.14 + 0.02 0.038 + 0002 0.45 + 0.08
300 0.059 + 0.008 0.61 + 0.06 0.11 + 0.02 0.019 * 0.002 0.16 + 0.03
420 0.059 = 0.013 0.59 + 0.04 0.12 + 0.02 0.014 % 0.005 0.090 + 0.03
600 0.056 + 0.011 0.42 + 0.03 0.094 + 0.020 0.010 + 0.008 0.034 * 0.005
1440 0016 £ 0.004 014+ 0.02 0.052 + 0.017 0.003 £ 0.001 0.003 = 0.001
ng permiplasmafound confugated as
Time 2-OH-3-0
(min) methyl-6R-  3-0-Methyl-
TLC origin 6R-Naltrexol naltrexol 6R-naltrexol Naltrexone
{019+ 001 0.086 + 0.023 0.072 + 0.010 0.13 £ 0.03 0.85 + 0.35
3 0.18 £ 0.01 0.088 + 0.011 0.084 + 0.029 0.080 + 0.012 0.49 + 0.09
5 012+ 001 0.097 + 0.023 0.058 + 0.012 0.066 + 0.021 0.52 * 0.06
10 0.19 £ 0.04 0.14 + 0.04 0.098 = 0.031 0.076 + 0.021 0.57 + 0.14
15 0.20+ 0.07 0.16 + 0.04 0.089 + 0.012 0.15 £ 0.03 0.78 * 0.14
30 0.23 £ 0.04 0.30 + 0.05 0.15 + 0.03 0.15 £ 0.05 0.86 + 0.14
60 0.35 % 0.11 0.52 + 0.06 0.15 +* 0.02 0.17 % 0.03 093  0.25
90 0.34 + 0.08 0.53 + 0.03 0.12 + 0.03 012 = 0.05 0.8 * 0.23
120 0.39 £ 0.11 0.70 + 0.08 0.17 + 0.06 011 * 0.05 0.60 + 0.12
150 0.34 £+ 0.11 0.62 + 0.08 0.17 = 0.04 0.095 + 0.039 0.61 *+ 0.21
180 0.42 + 0.09 049 £ 0.02 0.16 + 0.05 0.097 + 0.045 0.67 + 0.14
300 0.39 = 0.13 0.80 + 0.04 011 + 0.02 0.11 + 