
P
o
s
m

S
c
i

F

S

harmacokinetics and pharmacodynamics
f oral oxycodone in healthy human
ubjects: Role of circulating active
etabolites

Background: In vitro experiments suggest that circulating metabolites of oxycodone are opioid receptor agonists.
Clinical and animal studies to date have failed to demonstrate a significant contribution of the O-demethylated
metabolite oxymorphone toward the clinical effects of the parent drug, but the role of other putative circulating
active metabolites in oxycodone pharmacodynamics remains to be examined.
Methods: Pharmacokinetics and pharmacodynamics of oxycodone were investigated in healthy human volunteers;
measurements included the time course of plasma concentrations and urinary excretion of metabolites derived
from N-demethylation, O-demethylation, and 6-keto-reduction, along with the time course of miosis and sub-
jective opioid side effects. The contribution of circulating metabolites to oxycodone pharmacodynamics was
analyzed by pharmacokinetic-pharmacodynamic modeling. The human study was complemented by in vitro
measurements of opioid receptor binding and activation studies, as well as in vivo studies of the brain distribution
of oxycodone and its metabolites in rats.
Results: Urinary metabolites derived from cytochrome P450 (CYP) 3A–mediated N-demethylation of oxycodone
(noroxycodone, noroxymorphone, and �- and �-noroxycodol) accounted for 45% � 21% of the dose, whereas
CYP2D6-mediated O-demethylation (oxymorphone and �- and �-oxymorphol) and 6-keto-reduction (�- and
�-oxycodol) accounted for 11% � 6% and 8% � 6% of the dose, respectively. Noroxycodone and noroxymorphone
were the major metabolites in circulation with elimination half-lives longer than that of oxycodone, but their
uptake into the rat brain was significantly lower compared with that of the parent drug. Pharmacokinetic-
pharmacodynamic modeling indicated that the time course of pupil constriction is fully explained by the plasma
concentration of the parent drug, oxycodone, alone. The metabolites do not contribute to the central effects,
either because of their low potency or low abundance in circulation or as a result of their poor uptake into the
brain.
Conclusions: CYP3A-mediated N-demethylation is the principal metabolic pathway of oxycodone in humans.
The central opioid effects of oxycodone are governed by the parent drug, with a negligible contribution from its
circulating oxidative and reductive metabolites. (Clin Pharmacol Ther 2006;79:461-79.)
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Oxycodone is a widely prescribed oral opioid.
ince the introduction of controlled-release oxy-
odone in 1995, annual prescriptions of oxycodone
n the United States have increased by several-
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ealth Organization pain ladder for management of
oderate to severe cancer pain.1,3,4

There is a widespread notion that active metabolites
ontribute significantly to the clinical pharmacologic
haracteristics of oxycodone. An earlier study by Kalso
t al5 suggested the presence of pharmacologically ac-
ive metabolites in circulation after the oral administra-
ion of oxycodone. Displacement of tritium-labeled di-
ydromorphine binding to rat brain homogenates by
lasma extracts from subjects administered oxycodone
as greater than that expected on the basis of the

oncentration of intact oxycodone in plasma as mea-
ured by gas chromatography. For a while, it was
hought that oxymorphone, which is formed from 3-O-
emethylation of oxycodone by cytochrome P450
CYP) 2D6, represented the principal activating path-
ay, a situation analogous to the bioconversion of

odeine to morphine. Morphine derived from
-demethylation of codeine has been shown to account

or most, if not all, of the analgesic activity of co-
eine.6,7 Oxymorphone is a remarkably potent �-opioid
igand, with 2 to 5 times higher �-opioid receptor
ffinity and in vivo analgesic potency than mor-
hine.8–11 However, recent data showed that inhibition
f oxymorphone formation by the CYP2D-selective
nhibitor quinine or quinidine did not decrease the
ntinociceptive effect of oxycodone in rats.12 More-
ver, pretreatment with quinidine did not attenuate the
pioid side effects of oral oxycodone in human volun-
eers, despite a 50-fold reduction in oxymorphone area
nder the plasma concentration–time curve (AUC).13,14

he question thus arises as to whether the prevailing
ssumption of active metabolites governing the phar-
acodynamics of oxycodone is correct or whether the

utative active metabolite or metabolites arise from
on-CYP2D6 pathways of oxycodone metabolism.
An earlier in vitro metabolic study from our labora-

ory showed that O-demethylation accounts for merely
3% of oxycodone oxidative metabolism in human
iver microsomes.15 Oxidation of oxycodone occurs
argely via N-demethylation by CYP3A4/5 to noroxy-
odone, which is the most abundant metabolite in cir-
ulation after the administration of oxycodone in hu-
an subjects.13,14 Noroxycodone exhibits weak

ntinociceptive potency in rats; however, it undergoes
urther oxidative metabolism to noroxymorphone,
hich is known to be a more potent displacer of [3H]–

D-Ala2, N-Me-Phe4, Gly-ol5)-enkephalin (DAMGO)
rom �-opioid receptor in rat brain homogenates as
ompared with oxycodone.16,17 We have also shown
hat oxycodone undergoes reductive metabolism to �-

nd �-oxycodol in vitro (Fig 1).15 Likewise, reduction P
f noroxycodone to �- and �-noroxycodol and reduc-
ion of oxymorphone to �- and �-oxymorphol are fea-
ible. There is no available information on the opioid
eceptor binding characteristics of these reduced me-
abolites. Some or all of these primary and secondary
etabolites of oxycodone may contribute to the anal-

esia and side effects of oxycodone, provided that they
ave sufficiently high affinity and efficacy at the opioid
eceptor(s), are present in high concentrations in circu-
ation, and are accessible to the central nervous system.

The overall objective of our study was to investigate
hether the pharmacodynamics of oxycodone in humans

s entirely attributed to the pharmacokinetics of oxy-
odone or involves the additional contribution of the
forementioned metabolites arising from non-CYP2D6
athways. Initially, a series of in vitro experiments were
onducted to compare the binding affinity (inhibition con-
tant [Ki]) and receptor potency and efficacy (ie,
uanosine-5�-O-[�-thio(triphosphate)] [GTP�S] binding)
f oxycodone and its metabolites by use of recombinant
pioid receptors. We then characterized the plasma con-
entration–time profile of the oxidative (ie, noroxycodone,
xymorphone, and noroxymorphone) and reductive (ie,
- and �-oxycodol, �- and �-noroxycodol, and �- and
-oxymorphol) metabolites after a single oral dose of
xycodone in healthy human subjects. The time course of
upil constriction and the subjective side effects of oxy-
odone were measured simultaneously. Pharmacokinetic-
harmacodynamic (PK-PD) analysis was performed by
se of both the in vivo data from healthy subjects and the
n vitro receptor data in an attempt to seek evidence that
ould support or refute the hypothesis that circulating
etabolites contribute to the pharmacodynamics of oxy-

odone. In addition, we obtained supplemental data on the
ptake of oxycodone and its metabolites into the brain
fter intraperitoneal injections of oxycodone in rats.

ETHODS
Chemicals and reagents. Morphine, oxycodone, no-

oxycodone, and oxymorphone were obtained from
erilliant (Austin, Tex). Epimers of oxycodol, noroxy-
odol, and oxymorphol were synthesized by respective
hemical reduction of oxycodone, noroxycodone, and
xymorphone as previously described.18 DAMGO, cy-
lic (D-Pen2, D-Pen5)-enkephalin, and guanosine 5�-
iphosphate (GDP) were obtained from Sigma-Aldrich
St Louis, Mo). U50,488 was obtained from Research
iochemicals International (Natick, Mass), and GTP�S
as purchased from Roche Biochemicals (Palo Alto,
alif). [3H]-Diprenorphine (50 Ci/mmol) and sulfur
5–labeled GTP�S (1250 Ci/mmol) were supplied by

erkinElmer Life and Analytical Sciences (Boston,
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ass). Polypropylene 500-�L 96-well plates were pur-
hased from Fisher Scientific (Pittsburgh, Pa). Ninety-
ix–well GF/B-UniFilterplates from PerkinElmer Life
nd Analytical Sciences were used in both receptor
ffinity and activation assays. Stably expressed human
-opioid receptor (hMOR1) in Chinese hamster ovary

CHO) cells was purchased from PerkinElmer Life and
nalytical Sciences.
Radioligand displacement studies with recombinant

pioid receptors. Cell membranes were prepared from
HO-K1 cells that stably express the mouse �-opioid

eceptor and the human �-opioid receptor according to
reviously described procedures.19–22 The interaction
f oxycodone and its metabolites with each of the
ecombinant opioid receptor subtypes was assessed by
heir displacement of the high-affinity radioligand [3H]-
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Fig 1. Metabolic scheme of oxycodone depic
and its metabolites.
iprenorphine. The test ligand at concentrations rang- t
ng from 0.1 pmol/L to 1 �mol/L was incubated in
uplicate with 0.4-nmol/L [3H]-diprenorphine and 30
g/mL CHO-K1 cell membrane protein in 400 �L of
0-mmol/L Tris(hydroxymethyl)aminomethane (Tris)–
ydrochloric acid buffer (pH 7.4) for 1 hour at room
emperature. Nonspecific binding was assessed in the
resence of 10-�mol/L naloxone. Incubation was ter-
inated by rapid filtration onto GF/B-UniFilterplates

hat were presoaked with 50 �L of 50-mmol/L Tris-
Cl buffer (pH 7.4) by use of a Packard 96-well sample
arvester (PerkinElmer Life and Analytical Sciences).
he filter plates were then washed twice with 400 �L of
0-mmol/L Tris-HCl buffer (pH 7.4) and dried at 50°C
or 1 hour. Forty microliters of Microscint 40
PerkinElmer Life and Analytical Sciences) was then
dded to each well, and sample radioactivity was de-
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PerkinElmer Life and Analytical Sciences). Data rep-
esented as percent radioligand displaced against ligand
oncentration were fitted to the Hill equation by non-
inear regression by use of the SAAM II program
SAAM Institute, Seattle, Wash). Ki for the competitive
isplacement of [3H]-diprenorphine by oxycodone and
ts metabolites, as well as control ligands, was calcu-
ated by use of the Cheng-Prusoff equation. The disso-
iation constant (Kd) of diprenorphine for the human
-opioid receptor was provided by the supplier of
MOR1 or was available from literature for the �- and
-opioid receptors.20

35S-GTP�S binding assay. Agonist-stimulated [35S]-
TP�S binding to G� proteins was determined by a
odified procedure described by Huang et al20 and
illen et al.23 Membranes from CHO cells transfected
ith human �-opioid receptor were thawed rapidly,
iluted in 50 mmol/L N-[2-hydroxyethyl]piperazine-
�-[2-ethanesulfonic acid] (HEPES) buffer (pH 7.4),
nd resuspended by homogenization. Membranes at a
nal protein concentration of 30 �g/mL were added to
0-mmol/L HEPES buffer (pH 7.4) containing
-mmol/L magnesium chloride, 100-mmol/L sodium
hloride, 1-mmol/L ethylenediaminetetraacetic acid,
5-�mol/L GDP, 0.4-nmol/L [35S]-GTP�S, and ligand
t concentrations varying from 100 pmol/L to 100
mol/L to a final volume of 400 �L. After 1 hour of

ncubation at 37°C, bound [35S]-GTP�S was separated
y filtration onto the GF/B-UniFilterplates and counted
or radioactivity, as described previously. Each incuba-
ion was performed in duplicate. Data represent the
ean from at least 2 separate experiments. The ligand

oncentration at 50% of maximum receptor activation
EC50) and maximum activation expressed as percent
bove basal [35S]-GTP�S binding (Emax) of each ago-
ist were estimated by fitting the binding data to the
lassical Emax model.24

Oxycodone PK-PD study. The University of Wash-
ngton Institutional Review Board (Seattle, Wash) ap-
roved the human subject protocol. Each subject pro-
ided written informed consent. We enrolled 16 healthy
hite subjects (8 men and 8 women; age range, 21-30
ears; mean weight, 73 � 12 kg) in the study. Subjects
ere excluded if they were taking any prescription

including oral contraceptives) or over-the-counter
edications known to alter CYP3A activity. Antide-

ressants, which have been shown to cause changes in
upil response, were also excluded.25–27 Subjects were
nstructed to avoid grapefruit or grapefruit juice for at
east 3 days before each study day and throughout the
8 hours after oxycodone administration. They were

lso asked to abstain from caffeine-containing bever- b
ges and alcohol for 24 hours before and throughout the
8-hour study period. They were instructed to fast for at
east 8 hours before the start of the study.

The study was divided into 2 phases. During the first
hase, 4 subjects (2 men and 2 women) were enrolled
n a pilot dose-finding study. Each subject received 3
scalating doses of oxycodone (10, 15, and 20 mg)
eparated by at least 3 to 7 days between doses to allow
or complete washout of oxycodone and its metabolites.
he pilot study was intended to establish an optimal
ose that allows a robust definition of the time course of
xycodone pharmacodynamics while avoiding the ceil-
ng in pupil response and ensuring tolerable side ef-
ects. The main study was conducted in 12 subjects (6
en and 6 women) with a single 15-mg dose of oxy-

odone. All subjects were admitted into the University
f Washington General Clinical Research Center for a
4-hour period and requested to return at 48 hours to
urn in their 24- to 48-hour urine collection. At the
eginning of each study day, an indwelling catheter
as inserted into an arm vein for repetitive blood

ampling. Subjects were monitored for signs of respi-
atory depression with a pulse oximeter for at least 4
ours after oxycodone administration. Venous blood
amples (10 mL each) were obtained before and at 10,
0, 45, 60, 75, 90, 120, 180, 240, 360, 480, and 720
inutes after the administration of oral oxycodone.
lasma was separated from blood and stored at 	20°C,
ending analysis. Subjects were fed a light breakfast at
to 4 hours and had access to fluids and food thereaf-

er. Cumulative urine samples were collected for the
eriods from 0 to 12 hours, 12 to 24 hours, and 24 to 48
ours.
Dark-adapted pupil diameter was measured before

xycodone administration and 5 minutes before each
lood drawing by use of a Pupilscan Model 2 infrared
upillometer (Fairville Medical Optics, Newark, NJ) as
escribed previously.28 Constriction in pupil diameter
n response to oxycodone was calculated by subtracting
upil diameter at various times from the baseline pupil
iameter, which was defined by the mean of predose
nd 24-hour pupil diameters. The area under the effect
urve (AUEC) was calculated by linear interpolation of
he time course of pupil constriction. Subjective side
ffects of oxycodone were also recorded 5 minutes after
ach blood drawing by use of 10-cm visual analog
cales (VASs) for alertness, nausea, pruritus, and gen-
ral mood. On the alertness VAS, 10 indicated “wide
wake” and 0 indicated “can’t keep my eyes open.” On
he nausea VAS and pruritus VAS, 0 indicated “no
ausea/itch at all” and 10 indicated “as much as possi-

le.” On the mood VAS, 10 indicated “the best I have
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ver felt” and 0 indicated “the worst I have ever
elt.”29,30

Drug metabolite analysis. Plasma and urine samples
ere analyzed for concentrations of oxycodone and its
etabolites (oxymorphone, noroxycodone, noroxymor-

hone, �- and �-oxycodol, �- and �-oxymorphol, and
- and �-noroxycodol) by use of a liquid chromatog-

aphy–mass spectrometry (LC-MS) method adapted
rom our previously published method for oxycodone
etabolites in human liver microsomes.15

For plasma analysis, 20 ng of deuterated internal
tandard (oxycodone-d3) was added to 0.1 to 1 mL of
amples in 3-mL screw-top polypropylene tubes, fol-
owed by 1.5 mL of 100-mmol/L borate buffer (pH
.9). Each tube was capped, mixed in a vortex blender,
nd subjected to solid-phase extraction. Varian CER-
IFY solid-phase extraction columns (C8/C18 mixed

esin; Varian, Palo Alto, Calif) were preconditioned by
assing 2 mL of methanol, followed by 2 mL of deion-
zed water, through each column. Samples were loaded
nto the extraction columns under reduced pressure
5-10 mm Hg). The loaded sample was washed with 4
L of deionized water, followed by 1 mL of 0.1-mol/L

cetic acid (pH 4) and 2 mL of methanol. Air was
ulled through the columns at 20 mm Hg for 3 to 5
inutes. Analytes were eluted into 13 
 100–mm glass

ubes by use of a 3-mL mixture of methylene chloride,
sopropanol, and aqueous ammonium hydroxide (80:
0:2 by volume). The organic solvent was evaporated
nder dry nitrogen at 60°C. Extracts were reconstituted
ith 100 �L mobile phase (mixture of 10-mmol/L

cetate buffer and acetonitrile [85:15 by volume]), of
hich 2 to 5 �L was injected onto the LC-MS system.
To determine the total excretion of oxycodone and its
etabolites, urine samples were subjected to enzymatic

ydrolysis by use of �-glucuronidase and sulfatase. Ali-
uots of urine (0.05-0.1 mL) were diluted (1:2 [vol/vol])
ith 50-�mol/L acetate buffer (pH 5.5). Twenty-five mi-

roliters of Type H-2 crude extract from Helix pomatia
Sigma-Aldrich) containing 2500 U �-glucuronidase and
00 U sulfatase was added to each sample. Samples were
ncubated for 24 hours at 60°C in 3-mL capped polypro-
ylene plastic tubes. The incubation conditions have been
hown to yield near-complete hydrolysis of morphine-3-
lucuronide and morphine-6-glucuronide.31 Samples
ere then spun, and the supernatants were prepared for
C-MS analysis in an identical manner to the plasma
amples. To determine concentrations of unconjugated or
ree oxycodone and its metabolites, untreated urine sam-
les (0.25 mL) were extracted in parallel and processed in

he same manner. The conjugate fraction was estimated by f
ubtracting the amount assayed in hydrolyzed samples
rom the amount assayed in unhydrolyzed samples.

Chromatographic separation of the analytes was
chieved on a 5-�m, 2.1 
 150–mm Zorbax SSB C18
olumn (Agilent Technologies, Palo Alto, Calif). Gra-
ient elution was programmed over a period of 20
inutes, followed by an 8-minute, postrun column re-

quilibration period. The mobile phase consisted of a
inary mixture of 10-mmol/L potassium acetate at pH 4
nd acetonitrile, with the initial composition set at
5%:5% (vol/vol) of acetate/acetonitrile and held con-
tant for 6 minutes at a flow rate of 0.225 mL/min. The
ow rate was then increased during the next minute to
.3 mL/min, and the acetonitrile content was then in-
reased to 10% by 15 minutes, increased to 13.5% by
7 minutes, and then held constant until 20 minutes.
The mass spectrometer was operated in the atmo-

pheric pressure ionization electrospray mode with pos-
tive polarity. Selective ion monitoring was set for ion
hannels corresponding to the molecular [M�H�] ions
f the analytes as follows (with retention times in
arentheses): oxycodone, mass-to-charge ratio (m/z)
16, and oxycodone-d3, m/z 319 (18 minutes); oxymor-
hone, m/z 302 (6 minutes); noroxycodone, m/z 302 (16
inutes); noroxymorphone, m/z 288 (4 minutes); �-

nd �-oxymorphol, m/z 304 (3 and 3.5 minutes, respec-
ively); �- and �-noroxycodol, m/z 304 (14 and 14.5
inutes, respectively); and �- and �-oxycodol, m/z 318

15 and 15.5 minutes, respectively).
Quality control samples at multiple levels were in-

luded in each assay run. Interday coefficients of vari-
tion for replicate analysis of quality control samples
as consistently less than 10%.
Pharmacokinetic analysis. The apparent clearance

CL/F) and volume of distribution (Vz/F) of oral oxy-
odone, along with the terminal elimination rate con-
tant (�z) and corresponding half-life (t½,z), maximum
oncentration (Cmax), time to maximum concentration
tmax), and AUC extrapolated to infinity (AUC0-) of
xycodone and its metabolites, were estimated from
heir plasma concentration–time data by use of non-
ompartmental methods (WinNonlin 4.01 software;
harsight, Mountain View, Calif). The metabolite–to–
arent drug AUC ratios (AUCm/AUCp) were calculated
o afford a comparison of the relative abundance of
ach metabolite in circulation. Oxycodone partial clear-
nces via N-demethylation, O-demethylation, and
-keto-reduction were calculated by multiplying oxy-
odone clearance by the fraction of dose recovered in
he 48-hour urine collection as metabolites resulting

rom each primary metabolic pathway.
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PK-PD modeling. A plot of the percent decrease in
upil diameter versus oxycodone plasma concentration
ver time demonstrated counterclockwise hysteresis, an
bservation consistent with either an equilibration de-
ay between plasma and effect sites or a contribution of
ctive metabolite(s) to the pupil response. To differen-
iate between these 2 possibilities, we compared the fit
f 2 PK-PD models with the data: One model featured
he joint action of the parent drug and its metabolites,
nd the alternate model featured the parent drug as the
ole contributor to the miotic effect of oxycodone over
ime. To assess which of the metabolites most likely
ontributes to the pharmacodynamics of oxycodone, a
imulation of �-opioid receptor activation over time
as performed for each of the circulating metabolites
f oxycodone on the basis of its plasma concentration–
ime course and EC50 and Emax derived from the
TP�S binding assay. The simulation suggested that,
f all of the metabolites in circulation, noroxymor-
hone has the highest likelihood of contributing to the
iotic effect of oxycodone because of its abundance in

irculation and potency in �-receptor activation. As a
esult, only noroxymorphone was recognized as the
ontributory metabolite in the joint parent drug–me-
abolite PK-PD model.

PK-PD analysis was performed by use of the
eneral-purpose compartmental modeling software
AAM II (SAAM Institute, Seattle, Wash).32 Initial
ompartmental analysis of data from both the pilot and
ain studies indicated that 19 of 24 plasma oxycodone

oncentration–time profiles were adequately described
y a 1-compartment model featuring first-order oral
bsorption with a variable lag time, whereas the other 5
rofiles were better described by a 2-compartment
odel featuring first-order oral absorption. To avoid

he complexity of identifying different compartmental
odel mixtures for the parent drug and its metabolite

cross subjects, forcing functions for the plasma con-
entrations of oxycodone and noroxymorphone over
ime were generated within SAAM II and used to drive
he pharmacodynamic model.33

PK-PD models with or without an equilibration delay
etween plasma concentration and effect were evaluated.
or the model without an equilibration delay, plasma
oncentration drives the effect. The equilibration-delay
odel features an effect compartment with a first-order

ate constant (ke0) for the elimination of drug from the
ffect site.34,35 Effect is then driven by the putative effect-
ite concentration. Equation 1 shows the effect-
oncentration relationship for the parent drug PK-PD

odel, and equation 2 shows the relationship for the joint t
arent drug–metabolite PK-PD model that describes the
ombined action of 2 agonists at a single receptor24,36:

E � E0 � �1 �
Ce, oc�

EC50, OC
� � Ce, oc�� (1)

E � Eo ��1 �� �Ce, oc

EC50, oc
��

� �Ce, nom

EC50, nom
��

1 � �Ce, oc

EC50, oc
��

� �Ce, nom

EC50, nom
���� (2)

here Ce is the plasma or effect-site concentration, oc
s oxycodone, EC50 is the concentration resulting in
upil constriction to 50% of the maximum, Eo is the
aseline pupil diameter with the implicit assumption
hat Emax equals Eo (ie, there is complete constriction of
he pupil at very high effect-site concentration), and
om is noroxymorphone. The parameters � and � are
he Hill coefficients representing the steepness of the
igmoidal concentration-effect relationship.

For the parent drug PK-PD model with an equilibra-
ion delay, only a single ke0 estimate for oxycodone is
eeded. Initial estimates of the oxycodone equilibration
ate constant for the effect site (ke0) were obtained by
nalyzing the hysteresis plot of plasma oxycodone con-
entration–effect–time data by use of the KE0 pro-
ram.37 This program collapses the hysteresis loop (ie,
inimizes the area inscribed by the hysteresis loop by
inimizing the distance between 2 equieffective con-

entration levels) by a nonparametric method devel-
ped by Unadkat et al.38

For the joint parent drug–noroxymorphone PK-PD
odel that features delayed equilibration, separate ke0

stimates for oxycodone and noroxymorphone were
equired. A naive plot of the pupil response against the
oroxymorphone concentration showed an apparent
ounterclockwise hysteresis (albeit a less prominent
oop than that observed with plasma oxycodone con-
entration data alone), which suggested the possibility
f a distinct equilibration delay in effect with noroxy-
orphone. This apparent hysteresis was analyzed by

he KE0 program utility yielding an initial estimate for
he noroxymorphone ke0 parameter.

Brain distribution study in rats. The previously de-
cribed PK-PD modeling is based entirely on plasma
rug metabolite concentration data from human sub-
ects. To further elucidate the contribution of metabo-
ites to the pharmacodynamics of oxycodone in the
entral nervous system, the extent to which oxycodone
nd its metabolites are taken up into the brain was
nvestigated in male Wistar rats (310-330 g) after in-

ragastric administration of a 10-mg/kg dose of oxy-
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odone (approximately 3.0 mg in 1-mL volume). This
ose is at the high end of the established intraperitoneal
ntinociceptive dose range in the rat (1-10 mg/
g).12,39,40 At 60 minutes after dosing, which was pre-
iously observed to be the time of peak antinociceptive
ffect, the rats were anesthetized by intraperitoneal
etamine/xylazine. Blood samples were obtained by
ardiac puncture, and the animals were killed by de-
apitation. The brain (cerebrum) was immediately re-
oved from the cranium and frozen on dry ice. Blood

amples were centrifuged, and plasma samples were
tored at 	80°C pending analysis for oxycodone and
ts metabolites.

For the brain analysis, the rat cerebrums were
uickly thawed, weighed, and homogenized by a hand-
eld homogenizer (Tissue-Tearor; BioSpec Products,
artlesville, Okla) in 10 volumes of 100-mmol/L bo-

ate buffer (pH 8.9). Internal standard was added, and
he homogenate was centrifuged in a microcentrifuge at
500g for 5 minutes. The pooled supernatant was sub-
ect to solid-phase extraction as described earlier for
lasma and urine samples. Recovery of oxycodone and
ts metabolites from blank rat brain homogenates
piked with oxycodone and its metabolites was similar

able I. Competitive displacement (Ki) of [3H]-dipren
ultured cells stably expressing �-, �-, and �-opioid re
ith opioid receptor subtype–specific ligands (DAMGO

eceptor, and DPDPE for �-opioid receptor)

Ligand

[3H]-Diprenorphine displace

hMOR1 hK

Oxycodone 16.0 � 2.9 �1
�-Oxycodol 187 � 36 �1
�-Oxycodol 33.7 � 5.9 �1
Noroxycodone 57.1 � 10 �1
�-Noroxycodol — —
�-Noroxycodol — —
Oxymorphone 0.36 � 0.01 148
�-Oxymorphol — —
�-Oxymorphol — —
Noroxymorphone 5.69 � 1.1 87 �
Morphine 3.19 � 0.43 —
DAMGO 0.21 � 0.03 —
U50,488 — 0.78 �
DPDPE — —

G-protein/opioid receptor complex activation by oxycodone and its metabol
ell membranes expressing the human �-opioid receptor. Data from 2 independ
f EC50 and Emax. Dashes indicate that no data were available. Estimates of t
or all determinations and are not reported for each ligand.

Ki, Inhibition constant; DAMGO, (D-Ala2, N-Me-Phe4, Gly-ol5)-enkepha
nkephalin; hMOR1, human �-opioid receptor; hKOR1, human �-opioid recep
ctivation; Emax, maximum activation.
o that from plasma. d
ESULTS
Human opioid receptor binding affinity of oxy-

odone and its metabolites. Table I presents a compar-
son of the affinity of oxycodone and its metabolites at
he human �-, human �-, and mouse �-opioid receptor
s measured by their Ki values for competitive dis-
lacement of [3H]-diprenorphine, a nonselective opioid
ntagonist. The data clearly demonstrate the �-receptor
electivity of oxycodone and all of its metabolites as
ndicated by their nanomolar Ki values for the
-receptor compared with micromolar Ki values for the
- and �-opioid receptors. For example, the affinity of
oroxymorphone and oxymorphone toward �- and
-receptors was more than 15-fold lower than that at the
-opioid receptor and is consistent with previously

eported data.9,41 This experiment further confirmed a
revious comparison of �-opioid receptor affinity be-
ween oxycodone and its primary N- and
-demethylated metabolites; that is, the affinity of oxy-

odone was 4-fold higher than that of noroxycodone
nd 40-fold lower than that of oxymorphone.16 [3H]-
iprenorphine displacement by noroxymorphone ex-
ibited a Ki of 5.7 � 1.2 nmol/L, which is intermediate
etween the parent drug and oxymorphone. The re-

from its binding to membranes prepared from
subtypes by oxycodone and its metabolites, along

orphine for �-opioid receptor, U50,488 for �-opioid

i) (nmol/L) [35S]-GTP�S binding to hMOR1

mDOR1 EC50 (nmol/L) Emax (%)

�1000 343 � 7.9 234
�1000 6790 � 180 246
�1000 1900 � 46 242
�1000 1930 � 55 219

— 29,900 � 1300 185
— 12,800 � 890 149

118 � 20 42.8 � 0.8 261
— 221 � 4.7 244
— 125 � 3.3 213

162 � 29 167 � 3.6 239
— 94.2 � 1.9 252
— 96.6 � 1.4 315
— — —

2.0 � 0.8 — —

GO, and morphine was characterized by sulfur 35–labeled GTP�S binding to
ents performed in duplicate were fitted to the Emax equation to yield estimates
max (2 experiments performed in duplicate) were consistently lower than 1%

S, guanosine-5�-O-(�-thio[triphosphate]); DPDPE, cyclic (D-Pen2, D-Pen5)-
1, mouse �-opioid receptor; EC50, concentration at 50% of maximum receptor
orphine
ceptor

and m

ment (K

OR1

000
000
000
000

� 17

13

0.31

ites, DAM
ent experim
he SD of E

lin; GTP�
uced metabolites of oxycodone (�- and �-oxycodol)
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ad lower but differing �-receptor affinities compared
ith oxycodone; their Ki values were 2- and 12-fold
igher than that of oxycodone, respectively. Morphine
nd DAMGO were included as references, with respec-
ive Ki values of 3.19 � 0.43 nmol/L and 0.21 � 0.03
mol/L, which agree with reported values in the
iterature.23,42

�-Opioid receptor–G-protein activation. Activation
f the �-opioid receptor by oxycodone and its metab-
lites, morphine, and DAMGO was measured by [35S]-
TP�S binding to G� proteins. The maximum activa-

ion (Emax) of morphine and oxycodone and its
etabolites varied from 50% to 83% of that of
AMGO, indicating partial �-opioid receptor activa-

ion. Oxycodone and its metabolites exhibited the same
ank order of potency for the activation of [35S]-GTP�S
inding to CHO cell membrane expressing human
-opioid receptor (EC50) as the receptor binding affin-

ty constant (Ki). Again, noroxymorphone exhibited
ntermediate activation potency between oxycodone
nd oxymorphone. Interestingly, the reduced prod-
cts of oxymorphone, �- and �-oxymorphol, were
early as potent as oxymorphone in the receptor
ctivation assay. The most potent compounds in this
eries, oxymorphone and DAMGO, showed the high-
st maximum activation. EC50 and Emax for DAMGO
nd morphine (Table I) are consistent with values
reviously reported by Xu et al43: 59.4 � 11.4
mol/L and 247% � 7%, respectively, for DAMGO
nd 56.4 � 8.9 nmol/L and 201% � 7%, respec-
ively, for morphine.

Pharmacokinetics of plasma oxycodone and its me-
abolites. The main objective of our pharmacokinetic
tudy was to characterize the plasma concentration–
ime course of oxycodone and its active metabolites
fter a single oral dose of the opioid. Particular atten-
ion was directed toward the products arising from the
-demethylation pathway (noroxycodone, �- and
-noroxycodol, and noroxymorphone) and the primary

eduction of oxycodone (�- and �-oxycodol), which

able II. Mean estimates of noncompartmental pharm
ubjects, each receiving 10, 15, and 20 mg oral oxyco

Oxycodone dose
(mg) CL/F (L/min) Vz/F (L)

10 1.36 � 0.23 413 � 31.7
15 1.31 � 0.21 465 � 153
20 1.33 � 0.48 454 � 192

CL/F, Apparent clearance; Vz/F, apparent volume of distribution; tmax, tim
alf-life; AUC0-, area under plasma concentration–time curve extrapolated to
onstitute the major active, non-CYP2D6 metabolites d
hat have not been examined for their potential contri-
ution to the pharmacodynamics of oxycodone. The
harmacokinetic analysis also included the plasma con-
entration–time course of the minor reductive metabo-
ites of oxymorphone (�- and �-oxymorphol).

Table II presents the results of noncompartmental
nalysis of the plasma concentration–time data from the
ilot study (ie, data from 4 subjects at the 3 dose
evels). Oxycodone pharmacokinetics appeared to be
ose-independent, as demonstrated by consistent esti-
ates of Vz/F and CL/F across 3 doses in the 4 sub-

ects.
The mean plasma concentration–time profiles of

xycodone and its metabolites after a 15-mg oral dose
f oxycodone in all 16 subjects from both the pilot and
ain studies are shown in Fig 2. Table III presents a

ummary of the pharmacokinetic parameter estimates.
he CL/F of oral oxycodone varied over a 2-fold range

1.1-2.0 L/min, or 12.8-25.9 mL · min	1 · kg	1), and
he Vz/F varied over a 2.5-fold range (270-690 L, or
.0-9.3 L/kg). A somewhat higher mean CL/F per ki-
ogram of body weight was noted for women compared
ith men (21.7 � 3.2 mL · min	1 · kg	1 versus 17.9
3.7 mL · min	1 · kg	1), which was barely statis-

ically significant (P � .047). No gender difference was
oted for Vz/F: 5.9 � 1.4 for women versus 5.8 � 1.6
/kg for men. The mean t½,z was 3.5 � 0.8 hours.
The mean t½,z of the metabolites ranged from 4.6

ours for �-oxymorphol to as long as 11.6 hours for
-noroxycodol, with all values being longer than the

½,z for oxycodone (Fig 2). The plasma concentration
f the N-demethylated metabolite noroxycodone was
omparable to or exceeded the parent drug concen-
ration in some individuals; the mean AUCm/AUCp

as 1.2 � 0.4. The O-demethylated metabolite oxy-
orphone had the lowest concentration of all circu-

ating metabolites, with a mean Cmax of only about 1
g/mL and a low AUCm/AUCp of 0.04 � 0.03.
lasma concentrations of oxymorphone were unde-

ectable at late time points in several individuals. The

tic parameters for oxycodone in 4 pilot study

Cmax (ng/mL) t½,z (min)
AUC0-

(�g · min/mL)

25 � 3 214 � 25 7.5 � 1.3
36 � 6 241 � 45 11.6 � 1.8
43 � 12 233 � 23 16.4 � 5.4

um concentration; Cmax, maximum concentration; t½,z, terminal elimination
acokine
done

tmax

(min)

68 � 8.7
84 � 33
51 � 21
idemethylated metabolite noroxymorphone was the
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econd most abundant species in circulation. This
etabolite exhibited very high interindividual vari-

bility, as reflected in a Cmax range of 0.03 to 1.55
g/mL (mean, 7.8 ng/mL) and an AUCm/AUCp range
f 0.7 to 21.5 (mean, 0.52). It had a relatively long

0 6 12 18 2

0.1

1

10

Oxidative Metabolites

C
on

ce
nt

ra
tio

n 
(n

g/
m

l)

T

 Oxycodone
 Oxymorphone
 Noroxycodone
 Noroxymorph

Fig 2. Mean plasma concentration–time co
oxidative and reductive metabolites in 16 heal
oxycodone.

able III. Estimates of noncompartmental pharmacok
econdary oxidative and reductive metabolites in all 16
ain studies

CL/F (L/min) Vz /F (L) tmax

Oxycodone 1.44 � 0.31 431 � 110 1.08 �
Noroxycodone — — 1.22 �
Oxymorphone — — 0.98 �
Noroxymorphone — — 1.55 �
�-Noroxycodol — — 2.72 �
�-Noroxycodol — — 3.32 �
�-Oxymorphol (n � 4) — — 1.56 �
�-Oxymorphol (n � 5) — — 1.56 �
�-Oxycodol — — 1.55 �
�-Oxycodol — — 3.03 �

Plasma concentrations of �- and �-oxymorphol were only detected in some
AUC0-, Area under plasma concentration–time curve; AUCm/AUCp, meta
½,z of 9.1 � 2.2 hours. The 1 subject with an C
xceptionally low noroxymorphone AUC also had
he lowest oxymorphone AUC; this individual may
e a CYP2D6 poor metabolizer, because we had
reviously shown that noroxymorphone is mainly
erived from O-demethylation of noroxycodone by

0 6 12 18 24

Reduced Metabolites

α-oxymorphol (n=4)
β-oxymorphol (n=5)
α-noroxycodol
β-noroxycodol
α-oxycodol
β-oxycodol

ours)

oxycodone and its primary and secondary
an volunteers after single 15-mg oral dose of

arameters for oxycodone and its primary and
ts receiving 15 mg oxycodone from both pilot and

max (ng/mL) t½,z (h)
AUC

(�g · min/mL) AUCm/AUCp

38 � 7.4 3.50 � 0.83 10.8 � 2.09
26 � 8.2 5.82 � 1.23 12.7 � 4.77 1.19 � 0.44
1.1 � 0.6 8.78 � 4.35 0.41 � 0.27 0.04 � 0.03
7.8 � 5.2 9.07 � 2.23 5.07 � 2.54 0.52 � 0.35
7.6 � 2.6 10.05 � 3.52 7.96 � 3.82 0.66 � 0.31
1.9 � 0.8 11.63 � 4.98 1.93 � 0.71 0.16 � 0.06
0.3 � 0.1 5.38 � 2.58 0.13 � 0.08 0.01 � 0.01
0.4 � 0.2 5.72 � 5.43 0.21 � 0.18 0.03 � 0.04
3.5 � 1.1 4.67 � 1.31 1.62 � 0.52 0.13 � 0.04
2.6 � 0.9 5.55 � 1.66 1.83 � 0.53 0.15 � 0.04

jects; the number of subjects is indicated in parentheses.
arent drug area under plasma concentration–time curve ratio.
0.1

1

10

4

ime (h

one

urse of
thy hum
inetic p
subjec

(h) C

0.45
0.82
0.47
0.78
1.03
1.75
0.32
0.59
0.57
1.20
YP2D6.15,44
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Circulating concentrations of reduced metabolites
ere intermediate to those of noroxymorphone and
xymorphone, with AUCm/AUCp values of 0.13 and
.15 for �- and �-oxycodol, respectively (Table III).
he plasma concentrations of �- and �-oxycodol were
omparable; the Cmax values ranged from 2 to 5 ng/mL,
ith a mean t½,z of about 5 hours. The plasma concen-

ration of �-noroxycodol was the highest of all reduced
etabolites, 5-fold higher than that of �-noroxycodol,

nd only slightly lower than those of noroxymorphone.
he �-noroxycodol concentration was comparable to

he concentrations of the primary reduced metabolites
- and �-oxycodol. The reduced metabolites of oxy-
orphone (�- and �-oxymorphol) were detectable

�0.5 ng/mL) in only one third of the subjects.
Urinary excretion of oxycodone metabolites. Cu-
ulative urinary excretion of oxycodone and its me-

abolites was measured over a 48-hour period (Fig 3);
ost of the excretion occurred over a period of 36

ours. On average, the total amount (ie, free plus con-
ugates) of oxycodone and its metabolites recovered in
he pooled 48-hour urine accounted for 72% � 19% of
he administered oxycodone dose.

Oxycodone does not appear to undergo a significant
egree of conjugation (at the 14-hydroxyl position)
efore its excretion, given that the recovery of oxy-
odone in urine after enzymatic hydrolysis was very
imilar to that of free or unhydrolyzed oxycodone

Oxycodone

Oxymorphone

Noroxycodone

Noroxymorphone

0 10 20

Fig 3. Mean 48-hour cumulative urinary rec
metabolites in 16 healthy subjects. Hatched b
overlaid with gray bars representing the total
oxycodone and its metabolites for the 16 sub
8.9% � 2.6% versus 8.0% � 2.6%). Noroxycodone C
as the major metabolite excreted in urine and, like
xycodone, does not appear to undergo conjugation
22.1% � 9.0% hydrolyzed recovery versus 23.1% �
.6% unhydrolyzed recovery). The 3-O-demethyl-
etabolites were excreted predominantly as conju-

ates; total oxymorphone accounted for 10.7% � 5.5%
f the oxycodone dose, with only 0.33% � 0.4% of the
ose being excreted as free oxymorphone. Total no-
oxymorphone accounted for 14.2% � 7.5% of the
xycodone dose, which was 3-fold higher than that of
ree noroxymorphone (5.6% � 3.6%).

Reduced metabolites (ie, �- and �-oxycodol, �- and
-noroxycodol, and �- and �-oxymorphol) in total ac-
ounted for about 18% of the dose as compared with
7% for oxidative metabolites (ie, oxymorphone, nor-
xycodone, and noroxymorphone) in urine. The metab-
lites �- and �-oxycodol and their conjugates repre-
ented about 8% of the dose: 6.0% � 4.9% as
-oxycodone and 1.9% � 1.2% as �-oxycodol, with an
-to-� ratio of about 3. Noroxycodols and their conju-
ates accounted for 9% of the dose: 6.8% � 3.9% as
-noroxycodone and 1.6% � 0.9% as �-noroxycodol.
he reduced metabolites of oxymorphone and its con-

ugates constituted only about 1% of the dose.
The recovery of all products arising from primary,

YP2D6-mediated O-demethylation of oxycodone,
amely, oxymorphone and its reduced metabolites,
as 11% of the dose. The total recovery of primary,

Oxycodol

Oxycodol

ymorphol

ymorphol

oxycodol

ymorphol

0 5 10 15

 free
 total hydrolyzable

overed Dose

f oxycodone and its oxidative and reductive
resenting the free, unconjugated fraction are
yzable) fraction. The mean total recovery of
s 72% � 19%, ranging from 46% to 105%.
α-

β-

α-Ox

β-Ox

α-Nor

β-Norox
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YP3A-mediated N-demethylation of oxycodone
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as 45% of the dose, which included 22% � 9%, 9%
5%, and 14% � 7% of the dose as noroxycodone,

oroxycodone’s reductive metabolites (�- and
-noroxycodol), and noroxymorphone, respectively.
Pupillometry and subjective side effects. The

UEC for pupil response to oxycodone was linearly
elated to dose for the 4 pilot subjects as displayed in
ig 4, A. Maximum pupil constriction did not exceed
0% of baseline (a decrease to 4 mm from a mean
aseline value of 9 mm) at the highest dose (20 mg).
upil diameter returned to the baseline value by 12
ours after dosing at all 3 dose levels. A composite plot
f the individual time course of pupil constriction after
he 15-mg oral dose of oxycodone in 12 main study
ubjects is presented in Fig 4, B. There was greater than
0-fold between-subject variability in AUEC for pupil
esponse after the 15-mg oral dose of oxycodone. The
UEC for the decrease in pupil size ranged from 311 to
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Fig 4. A, Time course of pupil diameter over
20-mg oral does of oxycodone (pilot study).
effect curve (AUEC) for pupil response acros
B, Individual time course of pupil diameter
lines) in both pilot and main studies. The blac
The mean AUEC from 0 to 24 hours was 156
· min.
858 mm · min, with a mean of 1561 � 628 mm · t
in; there was 1 outlier with an AUEC that was 5-fold
ower than the mean. A statistically significant (P �
046) smaller pupil AUEC was noted in men as com-
ared with women; 2 men had the lowest AUEC val-
es, and 3 of the highest AUEC values were seen in
omen.
Subjective ratings of side effects from the 15-mg

xycodone dose were generally mild, as demonstrated
y the relatively low mean VAS ratings for nausea,
ruritus, mood, and alertness scores over time as shown
n Fig 5. Only 1 subject dropped out of the study
ecause of unacceptable side effects. Maximum side
ffects occurred at similar times for all measures, 2 to
hours after dosing. The alertness score paralleled the

upil diameter change over time (Fig 4, B), although it
s generally more variable across subjects.

Oxycodone PK-PD modeling. Plots of miotic effect
ersus plasma oxycodone concentration in the order of
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ects in this study (Fig 6 shows examples in 4 repre-
entative subjects). The counterclockwise hysteresis
an be explained by either a time lag in the distribution
f oxycodone between the plasma and the central effect
ite or the contribution of active metabolite(s) that are
ormed and eliminated more slowly than the parent
rug.
With respect to the active metabolite hypothesis,

eceptor binding and activation data have indicated
hat several of the oxycodone metabolites are suffi-
iently potent to warrant such consideration. To fur-
her explore and refine this hypothesis, we simulated
he time course of receptor activation activity (ex-
ressed as percent increase in GTP�S binding)
quivalent to the concentration of oxycodone versus
ach of the 3 major metabolites (ie, noroxycodone,
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Fig 5. Visual analog scale ratings (10-cm sc
healthy human volunteers (n � 16) who receiv
(black lines) are laid over individual profiles
oroxymorphone, and oxymorphone) present in cir- c
ulation as predicted by the Emax model based on the
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K-PD model featuring the joint action of parent
rug and noroxymorphone (active metabolite model)
ith or without an equilibration delay.
Data fit to the parent drug equilibration model con-

erged in all cases with acceptable precision of model
arameters. Both the KE0 program and the semipara-
etric PK-PD model implemented in SAAM II yielded

early identical estimates of ke0. In contrast, for mod-
ls that account for the joint effects of oxycodone and
f noroxymorphone, either the fits failed to converge
r, when there was convergence, the resultant parame-
er estimates had large confidence intervals that in-
luded 0 or the residual plots showed systematic devi-
tion of the model predictions from the observed data
or both). Failure to converge or poor model fit was
bserved with individual subject data both from the
ain study at the dose level of 15 mg and from the

ndividual data sets from the pilot study at multiple
ose levels. In addition, we investigated the potential
onfounding resulting from “noisy” data when a nu-
eric forcing function involving data interpolation was

sed. To examine the sensitivity of our joint parent
rug–metabolite PK-PD model to the noise in plasma
etabolite concentration data, “data smoothing” was

ccomplished by use of a multiexponential fit of the
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oints. These approaches failed to result in any im-
rovements in fit for the parent drug–metabolite PK-PD
odel. Hence we conclude that the likely explanation

or the counterclockwise hysteresis plot is an equilibra-
ion delay of the oxycodone effect.

Examples of the goodness of fit with the parent drug
quilibration model to the observed data are shown in
ig 8. The classical Emax model was used to fit the
ffector site concentration to the observed response.
e did assess the need for a more general sigmoid Emax

odel. When the Hill coefficient � was allowed to vary,
he parameter estimate ranged from 0.9 to 2.8. In 18 of
4 data sets, the 95% confidence intervals for � in-
luded unity. Hence, we adopted a parsimonious ap-
roach by fixing � at a value of 1 (ie, in effect, a
lassical Emax model). Parameter estimates derived
rom the final nonlinear regression analysis of the
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and observed data (squares) illustrated in 4 r

able IV. Pharmacodynamic model parameter estimat
g oral oxycodone in healthy human volunteers

EC50

Mean 30 ng/mL
SD 15 ng/mL
Coefficient of variation 50%
Range 12-71 ng/mL

E0, Baseline pupil diameter; ke0, effect site equilibration rate constant; t½,e
5-mg dose data are presented in Table IV. In a n
ollow-up exercise parameter estimates obtained from a
imultaneous fit of the model to the multidose data from
he pilot study were not significantly different from the
stimates obtained with the 15-mg dose data for all 16
ubjects.

A variation in the effect site equilibration half life
t½,e0) of more than 10-fold was observed, from 2 to 26
inutes. The individual EC50 values were well esti-
ated, except for 3 of 16 individuals. In those 3 sub-

ects the ke0 estimate reached very high values (t½,e0

5 minutes) with coefficients of variation of greater
han 80%, indicating a lack of a clearly discernible
quilibration delay. In these individuals estimates of
C50 did not differ appreciably between the case when
e0 was left to float and when ke0 was fixed to a value
f 10 min	1, corresponding to a t½,e0 of about 4 sec-
nds. Whereas EC50 estimates ranged from 12 to 71
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c model prediction of pupil diameter (lines)
ative subjects receiving 15 mg oxycodone.

ation 1) for time course of pupil constriction after 15

E0 ke0 t½,e0

m 0.1 1/min 11 min
m 0.09 1/min 6 min

95.1% 55%
0.9 mm 0.03-0.4 1/min 2-26 min

te equilibration half life.
Time

odynami
es (equ

9.2 m
1.3 m
13.8%
7.5-1
g/mL for the entire set of subjects, the 2 individuals
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ith exceptionally high EC50 values of 58 and 71
g/mL also had high ke0 values. Exclusion of the
utliers resulted in a slight decrease in mean EC50 but
sizable decrease in the interindividual coefficient of

ariation, from 50% to 30%. The marginally statisti-
ally significant gender difference observed in oxy-
odone clearance did not translate into statistically sig-
ificant differences in oxycodone pharmacodynamic
arameters with respect to gender or body weight.
Brain distribution of oxycodone and its metabolites

n rats. To provide additional information on the sig-
ificance of oxycodone metabolites, or the lack thereof,
n the pharmacodynamics of oxycodone, brain-to-
lasma distribution ratios of oxycodone and its metab-
lites were determined at 60 minutes after a 10-mg/kg
ntragastric dose of oxycodone in a group of rats (n �
). The data presented in Table V clearly show that
xycodone was concentrated in the rat cerebrum, with
brain-to-plasma ratio of approximately 2. In contrast,

he brain-to-plasma concentration ratios of all 3 oxida-
ive metabolites were well under unity (�0.01 to 0.25).
he noroxymorphone concentration in the brain was
articularly low, at less than 1% of the plasma concen-
rations. Table V also includes the predicted abundance
f oxycodone metabolites in the human brain as a
ercentage of oxycodone based on their relative abun-
ance in plasma, with the assumption that the metabo-
ites have the same brain distribution ratios in humans
s in rats. The predictions argue for a very low presence
f oxycodone metabolites in the brain relative to the
arent drug (ie, at �6%).

ISCUSSION
This study offers new insights into the metabo-

ism, pharmacokinetics, and pharmacodynamics of
xycodone. With respect to the metabolism and phar-

able V. Brain and plasma concentrations and brain-t
etabolites in Wistar rats (N � 5) after intragastric ad

Oxycodone Norox

Plasma concentration (ng/mL) 107 � 48 814
Brain concentration (ng/g) 215 � 46 91.8
Brain/plasma ratio 2.07 � 0.62 0.10
Brain AUCm/AUCp (%) 100
LogD* (pH 7-8) 1.2 to 1.7 	0.4
LogP* 1.8 � 0.6 1.1

On the basis of the assumption that there were similar distribution ratios in
ultiplying plasma AUCm/AUCp in Table III by the metabolite-to-drug ratio
LogD, Computed or experimental octanol/buffer partitioning coefficients ca
*Estimates from SciFinder (CAS, American Chemical Society, Columbus,
easured logD values (at pH 7.4) of 1.65 for oxycodone and 0.99 for oxymo
acokinetics of oxycodone, our study provides the m
rst quantitative accounting of oxycodone metabo-
ism in humans and extends the available information
n the pharmacokinetics of oxycodone metabolites in
irculation.
The pharmacokinetic parameters of oral oxycodone

eported in Tables II and III agree with results from
arlier studies in healthy human volunteers.4,45 The
eported clearance of intravenous oxycodone is reason-
bly high (approximately 0.8 L/min), which predicts a
edium hepatic extraction and a moderate first-pass

ffect.46,47 In fact, the systemic availability of orally
dministered oxycodone has been determined to be
etween 60% and 80%. All of these data explain our
bservation of a relatively high mean oral clearance of
xycodone, at 1.4 L/min. The circulating concentra-
ions of noroxycodone and oxymorphone observed in
his study are also consistent with previous reports.13,14

lasma concentrations of noroxycodone were slightly
igher than or comparable to those of oxycodone,
hereas plasma oxymorphone concentrations were
uch lower than those of oxycodone and barely mea-

urable in some subjects. We also observed significant
irculating concentrations of noroxymorphone and the
educed metabolites of oxycodone (�- and �-oxycodol)
nd noroxycodone (�- and �-noroxycodol), which are
ew findings. The mean plasma metabolite–to–parent
rug AUC ratio for noroxymorphone was 0.52 � 0.35.
slightly higher AUC ratio was also observed for the

ombined presence of �- and �-noroxycodol, with
-noroxycodol being the predominant epimer in circu-

ation. The concentrations of these secondary metabo-
ites of oxycodone N-demethylation were only slightly
ower than those of their precursor, noroxycodone. The
educed metabolites of oxycodone were present at
ower concentrations (about one third those of noroxy-
odols) and did not show any stereoselectivity in for-

a distribution ratios of oxycodone and its
ation of 10 mg/kg oxycodone

Oxymorphone Noroxymorphone �-Oxycodol

66.6 � 10.3 695 � 158 38.8 � 13.4
15.6 � 4.5 5.9 � 1.5 10.5 � 4.5
0.23 � 0.09 0.008 � 0.003 0.25 � 0.09

0.48 0.18 2.25
0.5 to 0.9 	1.15 to 0.29 0.7 to 1.16
1.1 � 0.6 0.3 � 0.6 1.26 � 0.6

humans, the relative abundance of metabolites in the brain was predicted by
-plasma partitioning.
pH 7 and pH 8; LogP, computed octanol/water partitioning coefficients.
use of ACD Solaris Software V4.67. There was reasonable agreement with
orted by Plummer et al.59
o-plasm
ministr

ycodone

� 109
� 39.6
� 0.04
5.9
to 0.45
� 0.6

rats and
in brain-to
lculated at
ation. Reduced metabolites of oxymorphone were
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lso detected, but their concentrations were less than a
enth of those of the other reduced metabolites and no
igher than those of oxymorphone.
The oxycodone metabolite profile in urine is consis-

ent with findings from our earlier in vitro metabolic
tudies with oxycodone in human liver microsomes.15

n vitro, microsomal oxidation via CYP3A-mediated
-demethylation was the predominant pathway. Intrin-

ic clearance (ie, maximum velocity/Michaelis-Menten
onstant) for CYP3A-mediated N-demethylation of
xycodone was, on average, 7-fold higher than
YP2D6-mediated O-demethylation. The same is true

n vivo. The 48-hour urinary recovery of products from
he N-demethylation pathway (noroxycodone, �- and
-noroxycodol, and noroxymorphone) was, on average,
.8 � 2.6–fold greater than that of products from the
-demethylation pathway (oxymorphone and �- and
-oxymorphol). Oxymorphone is excreted in urine

argely in the form of conjugates (Fig 3). Cone et al48

eported extensive conjugation of oxymorphone when
t is administered as an oral solution to human subjects,
nd we have tentatively identified the major conjugate
roduct to be oxymorphone-3-glucuronide in urine and
lasma samples by LC-MS. Thus the very low plasma
oncentrations of oxymorphone could be the result of
oth its limited formation and its efficient elimination
ia 3-O-glucuronidation. The recovery of oxycodols in
rine accounted for about 10% of the dose, most of
hich are presumed to be in the form of 6-O-conju-
ates; hence reduction is a minor pathway in the clear-
nce of oxycodone. It should be noted that, on average,
he currently identified metabolites in urine account for
bout 72% of the oral oxycodone dose. Whether the
emainder of the dose (approximately 28%) represents
ither yet to be identified metabolic or excretory path-
ays (or both) or incomplete gastrointestinal absorp-

ion is not known. We were not able to confirm the
ecently reported presence of N-oxide metabolites of
xycodone in urine from individuals who abused oxy-
odone or had an overdose.49

The most important finding from our study con-
erns the putative role of circulating active metabo-
ites in the pharmacodynamics of oxycodone. There
as long been a debate as to the role of active
etabolites in the pharmacologic actions of oxy-

odone. The antinociceptive potency of oxycodone
n rodents is nearly equal to that of morphine.8,39

linical studies also yielded similar observations; the
edian consumption of intravenous morphine was

0% that of intravenous oxycodone in patients with
ancer receiving patient-controlled analgesia.5 How-

ver, oxycodone is a weaker �-opioid receptor ago- a
ist than morphine. Our current radioligand displace-
ent study showed that the �-receptor affinity of

xycodone is only one fifth that of morphine,
hereas its potency in activating GTP�S binding to

he �-receptor is about one third that of morphine
Table I). This apparent discrepancy has been hy-
othesized to be the result of either the involvement
f active metabolites5 or the combined actions of
xycodone at the �- and �-opioid receptors, as sug-
ested by recent animal studies.50,51 The latter hy-
othesis is unlikely in view of our failure to show a
ignificant affinity of oxycodone for the �-receptor
Ki �1 �mol/L). There have been several attempts to
dentify active metabolite(s) of oxycodone that con-
ribute to its opioid effects. As was mentioned pre-
iously, 3-O-demethylation of codeine to morphine
y CYP2D6 is generally accepted as a major deter-
inant of the analgesic efficacy of codeine.6,7,12

vailable data suggest that the same activation
echanism does not apply to the other closely re-

ated 3-O-methyl derivatives of 6-keto-opioids (di-
ydrocodeine, hydrocodone, and oxycodone), even
hough in each case O-demethylation results in the
ormation of a highly potent opioid agonist.12,13,52–55

recent study by Heiskanen et al13 in healthy humans
howed that the psychomotor and subjective side effects
f oxycodone were unaffected by pretreatment with quin-
dine, a potent CYP2D6 inhibitor. Pharmacokinetic stud-
es indicated that the circulating concentrations of the
-O-demethyl-metabolite of oxycodone, oxymorphone,
ere barely detectable in control subjects, which explains

he lack of effect from inhibition of CYP2D-mediated
-O-demethylation of oxycodone. This led us to explore
he possibility that other circulating active opioid metab-
lites may contribute to oxycodone pharmacodynamics.
The non-CYP2D6 metabolites of interest included

he N-demethylation products (noroxycodone, nor-
xymorphone, and noroxycodols) and the reduction
roducts of oxycodone (oxycodols). The potential
or a metabolite to contribute to the in vivo opioid
ctivity of oxycodone depends on its potency at the
-receptor and relative abundance in circulation or,
ore appropriately, at the site of action. Even though

oroxycodone is the most abundant metabolite in
irculation, its potential to contribute to the opioid
ctions of oxycodone is not likely because of its
elatively low potency in displacing radioligand and
ctivating G protein at the expressed human �-opioid
eceptor. Also, it has been reported that noroxy-
odone has a 3-fold higher half-maximal effective
ose (ED50) compared with oxycodone in a tail-flick

ntinociceptive assay after intracerebroventricular
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dministration in the rat.17 In comparison, noroxy-
orphone, the didemethylated metabolite of oxy-

odone, exhibits receptor affinity and G-protein ac-
ivation that is 3-fold higher than that of oxycodone
nd comparable to that of morphine. The formation
f noroxymorphone proceeds by way of the catalyt-
cally efficient CYP2D6 O-demethylation of noroxy-
odone.15 As a result, noroxymorphone is reasonably
bundant in circulation (ie, about one half of the
oncentration of its 2 precursors, oxycodone and
oroxycodone). The potential for noroxymorphone
o contribute to the opioid activity of oxycodone was
upported by the prediction of the time course of
TP�S binding activity based on the circulating

oncentration of the various active metabolites of
xycodone. The simulation suggests that noroxymor-
hone may be the putative metabolite that binds to
he opioid receptors in addition to the parent drug in
lasma samples from subjects administered oxy-
odone.5 An additional contribution from the re-
uced metabolites is not very likely. �-Oxycodol
emonstrated a 2-fold lower binding affinity for the
-opioid receptor compared with oxycodone, as in-
icated by the [3H]-diprenorphine displacement Ki

alue, whereas �-oxycodol had a 12-fold lower af-
nity. Likewise, �- and �-oxycodol displayed half-
aximal receptor activation concentrations (EC50)

hat were 6- and 20-fold lower, respectively, than
hose of oxycodone.

The result from our PK-PD modeling of the miotic
esponse to oxycodone was initially surprising.
here was no indication that the circulating active
etabolites, in particular, noroxymorphone, contrib-

ted to oxycodone pharmacodynamics. The time
ourse of the plasma oxycodone concentration ade-
uately explained the time course of pupil constric-
ion. Indeed, the duration of pupil constriction and
ubjective side effects, being 10 to 12 hours after
osing of oxycodone, is more in line with the plasma

½ of oxycodone (3.5 hours) than that of the metab-
lites (5-11 hours). The lack of a metabolite contri-
ution toward the pharmacodynamics of oxycodone
s explained by the differential access of oxycodone
nd its metabolites to the central site of action. The
issue distribution study in the rat demonstrated re-
arkable differences in brain uptake between the
ajor active circulating metabolites and oxycodone.
he brain-to-plasma concentration ratios of oxy-
odone metabolites were much lower than those of
he parent drug. The variation in brain uptake be-
ween oxycodone and its metabolites appears to cor-

elate with their differences in lipophilicity, as indi-
ated by the computed octanol-water partition
oefficient (logD) of these compounds. The brain-to-
lasma partition ratios of oxymorphone and noroxy-
odone are in the range of those of morphine, at 0.23

0.03.56 In contrast, the brain-to-plasma concentra-
ion ratio of oxycodone is nearly 10-fold higher;
oreover, it is 2-fold higher than the reported

teady-state brain-to-plasma AUC ratio of codeine in
he rat (0.99 � 0.25).57 The large difference between
lood-brain barrier penetration of oxycodone versus
orphine offers an explanation for the apparent in-

onsistency between their in vitro potency at the
-opioid receptor and antinociceptive or analgesic
fficacy (ED50) in vivo. Noroxymorphone, which
eld the most promise for contributing to the phar-
acodynamics of oxycodone, has an extremely low

rain-to-plasma partitioning, at lower than 1%,
hich is a consequence of its secondary amine struc-

ure compared with the tertiary amine structure of
xycodone. Thus N- and O-demethylation of oxy-
odone lead to metabolites with a markedly lower
ogD and consequently reduced permeability across
he blood-brain barrier.58

In conclusion, we demonstrated that the time course
f central opioid effects of oxycodone can be explained
y the PK-PD of the parent drug alone. Although it was
hown that the potent active metabolite noroxymor-
hone is present at relatively high concentrations in
irculation, it does not appear to penetrate the blood-
rain barrier to a significant extent. Other metabolites
ither demonstrate low potency (noroxycodone and
-noroxycodol) or are present in circulation at very low

evels (oxymorphone and �- and �-oxycodol). In addi-
ion, all metabolites demonstrate restricted brain pene-
ration as compared with the parent drug.

We thank Dr Peng Huang at Temple University for technical
uidance with the opioid receptor activation assay, Ziping Yang at
he University of Washington for culturing of CHO cells expressing
pioid receptors, and Dr Paolo Vicini at the University of Washing-
on Resource Facility for Population Kinetics for his assistance in
K-PD modeling.
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ord, Conn) for consulting and conducting a seminar after the work
escribed herein was completed. The other authors have no conflict
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