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Abstract
Previous studies suggest that P-glycoprotein (P-gp) modulates the PK/PD of many compounds
including opioid agonists and chemotherapeutic agents. The objective of this study was to assess
the P-gp affinity status of oxycodone, the P-gp expression, and the paclitaxel’s tissue distribution
in oxycodone-treated rats. P-gp ATPase assay, Caco-2 transepithelial permeability studies, and
mdr1a/b (−/−) mice were used to assess the P-gp affinity status of oxycodone. P-gp expression
was determined by Western blot analysis while [14C] paclitaxel’s distributions in the liver, kidney,
brain, and plasma tissues were determined by liquid scintillation counter. Oxycodone stimulated
the P-gp ATPase activity in a concentration-dependant manner. The Caco-2 secretory transport of
oxycodone was reduced from 3.64 ×10−5 to 1.96 × 10−5 cm/s (p <0.05) upon preincubation with
the P-gp inhibitor, verapamil. The brain levels of oxycodone in mdr1a/b (+/+) were not detectable
(<15 ng/mL) while in mdr1a/b (−/−) the average levels were 115 ± 39 ng/mL. The P-gp protein
levels were increased by 1.3–4.0 folds while paclitaxel’s tissue distributions were decreased by
38–90% (p <0.05) in oxycodone-treated rats. These findings display that oxycodone is a P-gp
substrate, induces overexpression of P-gp, and affects paclitaxel’s tissue distribution in a manner
that may influence its chemotherapeutic activity.
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INTRODUCTION
Opioid analgesics are by far the most efficacious pharmacotherapeutic agents for the
management of moderate to severe pain. Opioids produce analgesia by binding to specific
opioid receptors (μ, δ, and κ) both within and outside the CNS. Unfortunately, effective
management of chronic cancer pain represents a therapeutic challenge since chronic
administration of opioids in most cases is accompanied by undesired effects, such as
respiratory depression, nausea, vomiting, constipation, tolerance, and dependence.1–3

Extensive studies have tended to focus on determining the pharmacokinetics as well as the
pharmacodynamics of many opioid agonists, attributing differences among opioids to factors
like binding affinity to opioid-receptors, lipophilicity, molecular weight, and blood-brain
barrier (BBB) permeability.1,3 However, recent studies indicate that the affinity of opioids to
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P-glycoprotein (P-gp; ABCB1) is a major factor that affects the transport, uptake, and PK/
PD of many opioids that are P-gp substrates.4–6

Multidrug resistance (MDR) is a phenomenon where by cells exposed to one cytotoxic agent
develop cross resistance to a range of structurally and functionally unrelated compounds.7,8

In humans, the major proteins responsible for the MDR phenotype are the P-gp (ABCB1)
and the multidrug resistance associated proteins (MRP; ABCC family).9,10 P-gp is a 170
KDa transmembrane protein belonging to the ATP-binding cassette family.8 P-gp is located
in several tissues, including intestinal epithelial cells, the apical surface of epithelial cells of
proximal tubules in kidneys, the epithelial cells of placenta, the canalicular membranes of
hepatocytes, and the luminal surface of the brain capillary endothelial cells.11 P-gp is
considered as an integral component of the BBB, extrudes various xenobiotics out of the
brain, and thereby affects their pharmacological activity.

A convincing body of evidence suggests that P-gp modulates opioids’ transport and
antinociceptive effects.4,6,12–15 The P-gp inhibitor GF120918 produced an enhancement of
morphine accumulation in BBMECs.12 The antinociceptive effect of morphine was
significantly enhanced (~twofold) in mdr1a (−/−) mice when compared to mdr1a (+/+)
mice.6 Brain P-gp expression in Sprague Dawley rats was approximately twofold higher in
morphine tolerant rats compared to saline control rats based on Western blot analysis.16

Also, the brain uptake levels of fentanyl, loperamide, meperidine, methadone, morphine,
deltorphin II, DPDPE, naltrindole, SNC 121, bremazocine, and U-69593 were determined in
mdr1a (+/+) and mdr1a (−/−) mice. The differences in brain uptake between P-gp competent
and P-gp deficient mice ranged from no detectable effect (meperidine) to ≥ eightfold
increase in uptake (DPDPE, loperamide, and SNC 121).4 These results suggest that P-gp
plays a significant role in the transport, distribution, and the antinociceptive activity of many
opioid agonists.

Oxycodone is an opioid agonist used for the management of moderate to severe pain. In
1996, the legal distribution of oxycodone in the United States alone reached two million
grams,17 indicating the extensive use of oxycodone in pain management. Oxycodone has
been used effectively for over 90 years, but unlike other opioid agonists little is known about
its P-gp affinity status (substrate, inducer, or inhibitor). Chronic administration of morphine
and other P-gp substrates, e.g., cyclosporin A and dexamethasone resulted in upregulation of
P-gp,16,18 whether P-gp is upregulated upon repeated administration of oxycodone is yet to
be elucidated. For the management of cancer, oxycodone is usually coadministered with
many chemotherapeutic agents, the majority of these agents are P-gp substrates.19–22

Changes in P-gp expression upon repeated administration of oxycodone may affect the
uptake, the distribution, and the potency of these chemotherapeutic agents which in turn may
lead to ineffective cancer therapy. The goal of this study was to investigate the influence of
multiple administration of oxycodone on the level of expression of P-gp in different tissues
in Sprague Dawley rats. To examine this, the following objectives were investigated: (1) to
determine if oxycodone is a P-gp substrate using in vitro (P-gp ATP assay, Caco-2 transport
study) and in vivo (mdr1a/b (−/−) mice) studies, (2) to determine the expression levels of P-
gp upon repeated administration of oxycodone, and (3) to examine the influence of P-gp
induction in oxycodone-treated rats on the distribution of paclitaxel, a model P-gp substrate.

METHODS
Oxycodone-Stimulated P-gp ATPase Activity

Oxycodone stimulated P-gp ATPase activity was estimated by the P-gp-GIO assay system
(Promega, Madison, WI). This method relies on the ATP dependence of the light-generating
reaction of firefly luciferase. ATP consumption is detected as a decrease in luminescence. In
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a 96-well plate, recombinant human P-gp (25 μg) was incubated with P-gp-GIO assay
buffer™ (Promega) (20 μL), verapamil (200 μM), sodium orthovanadate (100 μM), or
oxycodone (5, 10, 200, 1000, and 2000 μM) (gift from Dr. Coop’s Laboratory, UMB).
Verapamil served as a positive control while sodium orthovanadate was used as a P-gp
ATPase inhibitor. In the presence of sodium orthovanadate ATP consumption by P-gp is
negligible and without sodium orthovanadate, P-gp consumes ATP to a greater or lesser
extent than the control, dependent on the effect of the test compound. The reaction was
initiated by addition of MgATP (10 mM), stopped 40 min later by addition of 50 μL of
firefly luciferase reaction mixture (ATP detection reagent) that initiated an ATP-dependent
luminescence reaction. Signals were measured 60 min later, integrated for 10 s using Lmax®

luminometer (Molecular Devices Corporation, Sunnyvale, CA) and converted to ATP
concentrations by interpolation from a luminescent ATP standard curve. The rate of ATP
consumption (pmol/min/μg protein) was determined as the difference between the amount
of ATP in the absence and the presence of sodium orthovanadate.

Caco-2 Transport Study
Caco-2 transport studies were performed to examine the role of MDR and MRP on the in
vitro permeability of oxycodone. Caco-2 cell lines were obtained from ATCC (Manassas,
VA) and used between passages 30–50. Experimental supplies were purchased from Fisher
Scientific (Fair Lawn, NJ). P-gp and MRP inhibitors were purchased from Sigma Chemical
Co. (St. Louis, MO). Caco-2 cells were seeded at a density of 80000 cells/cm2 onto 12-well,
0.4 μm transwell inserts (Coaster®, Corning, NY) and grown in the presence of Dulbecco’s
Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) for 21–28 days at
37°C, 95% humidity, and 5% CO2. Formation of tight junctions was checked by measuring
the transepithelial electrical resistance (TEER) using a Millicell®-ERS meter (Millipore
Corp., Bedford, MA) and by determining the permeability of the paracellular marker [14C]
mannitol (0.5 μCi/mL) obtained from Sigma Chemical Co. Only cell monolayers having
TEER values >300 Ω.cm2 were used. The mannitol permeability through three
representative transwells was <7.20 ×10−6 cm/s. TEER values >300 Ω.cm2 and mannitol
permeability of 7.20 ×10−6 cm/s indicated tight junction formation in these cell monolayers.
The functional activity of the P-gp expressed in Caco-2 cells was determined by evaluating
the bidirectional transport of the P-gp substrate, [14C] paclitaxel (0.5 μCi/mL), obtained
from Sigma Chemical Co. Paclitaxel’s efflux ratio determined in representative transwells (n
= 6) was 10.5 indicating expression of functional P-gp in these cell monolayers.
Transepithelial permeability studies for oxycodone (1000 μM) were conducted from apical
to basolateral side (A–B) and basolateral to apical side (B–A) for 120 min with and without
preincubation with P-gp inhibitor (100 μM verapamil) or MRP inhibitor (100 μM
probenecid) for 45 min at 37°C. Oxycodone samples were collected from the receiver
compartment and analyzed using a validated UV–HPLC method. Radioactive mannitol and
paclitaxel samples were analyzed using Beckman Coulter LS 6500 (Fullerton, CA)
multipurpose scintillation counter.

Experimental Animals
Male FVB mdr1a/b (+/+) and mdr1a/b (−/−) mice weighing 25 ± 5 g were purchased from
Taconic Laboratories (Germantown, NY). Male Sprague Dawley rats weighing 275 ± 15 g
were purchased from Harlan Laboratories (Indianapolis, IN). The animals were housed
individually and allowed to acclimate at least 2 days before the experiment was conducted.
They were fed chow and water “ad libitum” and maintained on a 12-h light/dark cycle. The
protocol for the animal studies was approved by the School of Pharmacy, University of
Maryland IACUC.
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CNS Distribution of Oxycodone in mdr1a/b (−/−) and Wild Type Mice After Multiple Dosing
In vivo studies were performed in P-gp deficient and P-gp competent mice to determine the
P-gp affinity status of oxycodone and to elucidate the influence of P-gp on the brain uptake
of oxycodone. Oxycodone (5 mg/kg b.i.d. × 6 days) was administered to male mdr1a/b (−/−)
(n = 5) and male mdr1a/b (+/+) mice (n = 5) via i.p. injection. On day 6, upon tolerance
development, oxycodone-treated mice were decapitated and both plasma and brain tissues
were collected and stored at −80°C till analyzed by a validated HPLC method.23

Monitoring of the Antinociceptive Effect After Oxycodone Administration
To determine the appropriate sampling schedule to be used in the multiple oxycodone
administration studies, male Sprague Dawley rats (n = 6) were administered an i.p. dose of 5
mg/kg oxycodone. This dose was selected based on previous oxycodone studies.24,25

Antinociceptive effect was monitored at 5, 15, 30, 60, 90, and 120 min postdosing using the
hot plate analgesia meter (UGO BASILE Instrument, Varese, Italy).26 Responses were
measured in triplicate after placing rats on a 55°C hot plate. Baseline was determined and
occurred within 9–13 s. A cutoff time of 35 s was selected to prevent tissue damage.
Response latency to the first hind-paw response was recorded. The hind-paw response may
be either a paw lick or a foot shake, whichever occurs first. Rats that fail to respond within
the respective cut-off times were defined as “analgesic.”

Sprague Dawley rats were assigned to one of two groups administered either oxycodone 5
mg/ kg i.p. dose twice daily (n = 6) or saline 1 mL/kg i.p. twice daily (n = 6) for 8 days.
Antinociceptive effect was measured each day 30 min after administration of the first dose
by means of the hot plate analgesia meter as described above.

Determination of the Level of Expression of P-gp by Western Blot Analysis After Repeated
Oxycodone Administration

To determine whether repeated oxycodone administration is accompanied by changes in P-
gp expression levels, Western blot analysis was performed. Oxycodone- and saline-treated
rats were sacrificed by decapitation and intestine, liver, kidney, and brain tissues were
isolated and homogenized according to the procedure described elsewhere.16 Briefly, tissues
were removed, rinsed in 4°C isotonic phosphate buffered saline, and homogenized in
hypotonic lysis buffer (10 mM Tris HCl, 10 mM NaCl, 10 μg/mL leupeptin, 10 μg/mL
aprotinin, and 1 mM phenylmethylsulphonyl fluoride, pH 7.4). Tissue homogenates were
centrifuged at 3000×g (4°C) for 15 min to remove nuclear debris and particulate matter. The
supernatants were collected and centrifuged at 40000×g (4°C) for 30 min and the resulting
pellets were resuspended in 1 mL of lysis buffer each. The protein concentration was
determined using DC protein assay kit (Bio-Rad, Hercules, CA). Bovine serum albumin
(BSA) was used as the standard and P-gp levels were quantitated by Western blot analysis.

Plasma membrane preparations (n = 6/tissue/ group) were resuspended in a sample buffer.
Aliquots (20 μL) containing 60 μg of pooled protein were loaded onto a 10% SDS–
polyacrylamide gel. Electrophoresis was conducted for 2 h at 30 mA. Following
electrophoresis, the samples were transferred at 25 V (constant) and 160 mA (initial) for 2 h
onto polyvinylidene membrane (PVDF). Nonspecific binding sites were blocked overnight
with 5% nonfat dry milk in TBS-Tween 0.1%. PVDF membrane was incubated with P-gp
C219 antibody (1:1500) (ID Laboratory, ON, Canada) for 1 h, then the membrane was
washed with TBS-T (3 × I5 min) and incubated with a horseradish peroxidase-linked
secondary antibody (1:10000) (KPL Laboratories, Gaithersburg, MD) for 1 h followed by
rinsing with TBS-T (3 × 15 min). β-actin was detected using monoclonal β-actin antibody
(Sigma Chemical Co). Detection was made using ECL reagents (Amersham, Piscataway,
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NJ). P-gp band intensity was quantified by densitometric analysis software and normalized
to β-actin band intensity.

Distribution of a Model P-gp Substrate, Paclitaxel, in Oxycodone-Treated Rats
To determine the functionality of the upregulated P-gp in oxycodone-treated rats, the
distribution of paclitaxel, a model P-gp substrate,27,28 was determined in the brain, liver,
kidney, and plasma samples. Sprague Dawley rats were assigned to one of two groups (n =
5) for one of the following regimens: oxycodone 5 mg/kg i.p. twice daily for 8 days or saline
1 mL/kg i.p. twice daily for 8 days. On day 9, all rats in both groups received a single i.p.
dose of [14C] paclitaxel (30 μCi/kg) (0.5 mg/kg). Sixty minutes later, rats were sacrificed by
CO2 asphyxiation and the brain, liver, kidney, and plasma samples were collected and
analyzed for [14C] paclitaxel using Beckman multipurpose scintillation counter.

UV-HPLC and LC/MS Analysis of Oxycodone in Various Biological Matrices
Oxycodone samples obtained from the in vitro transport studies were analyzed using HPLC
with UV detection. The chromatographic system included the following: (1) Waters 510
solvent delivery system (Waters-Millipore, Milford, MA), (2) Waters 717 autosampler, (3)
Waters 486 Ultraviolet detector (λ = 285 nm), (4) 3390A Hewlett Packard Integrator Plotter
(Hewlett Packard, Avondale, PA), and (5) Waters Symmetry SB C-18 (4.6 × 150 mm)
(Waters-Millipore). The mobile phase was prepared using 70% methanol and 30% 50 mM
phosphate buffer (pH 7.4). The mobile phase was delivered at a flow rate of 1 mL/min and
oxycodone was eluted at 2.7 min. The assay was linear (r ≥ 0.999) over the tested
concentrations (0.5–50 μg/mL).

Oxycodone samples obtained from in vivo studies were analyzed using LC/MS detection.
Oxycodone brain and plasma concentrations were determined using a previously described
solid-phase extraction (SPE) method.23 Briefly, brain tissues were homogenized with a
fivefold volume (w/v) of 0.1 M perchloric acid and centrifuged at 3000 rpm for 20 min. The
clear supernatants were transferred to another tube and centrifuged again for 20 min. One
hundred microliter of the brain homogenate supernatant or 100 μL of the plasma were
subjected to SPE as follows: Vac C18, 3 cc (300 mg) SPE columns (Waters-Millipore) were
placed on a vacuum manifold (PrepTorr) and preconditioned with 5 mL methanol, 3 mL of
0.1 M phosphoric acid:acetonitrile (9:1), 5 mL of deionized water, and then the columns
were briefly dried under vacuum. Standard samples were prepared combining 100 μL brain
supernatant or plasma, internal standard (codeine 50 ng/mL), and varying concentrations of
oxycodone (0–1200 ng/mL). Samples were then diluted to 3 mL with 0.5 M ammonium
sulfate (pH 9.5). Mice samples from treated rats were prepared analogously without the
addition of oxycodone. Samples (3 mL) were drawn through the SPE columns, following
which the columns were washed with 20 mL of 5 mM ammonium sulfate (pH 9.5), 0.5 mL
of water, and 0.1 mL of methanol. Oxycodone and codeine were eluted from the column
with 6 mL of methanol. The collected elute was evaporated under a stream of nitrogen at
45°C to a white residue, reconstituted in 150 μL of mobile phase, transferred to a centrifugal
filter (Millipore Corp.), and filtered at 12500 rpm over 20 min. Ten microliter of clear
filtrate was subjected to LC/MS analysis. Liquid chromatography conditions were optimized
through modification of a previously described method.29 The analytical system consisted of
a (1) Finnigan MAT Spectra System coupled to a Finnigan LCQ quadrupole ion trap mass
spectrometer, (2) Zorbax SB C-18 (2.1 × 50 mm) (Agilent, Palo Alto, CA), and (3) the
mobile phase consisted of acetonitrile:water (0.1% acetic acid) 15:85, while the column
temperature was maintained at 60°C, and the flow rate was maintained at 0.2 mL/min. The
ions monitored included MH+ 316.4 for oxycodone and MH+ 300.4 for codeine. The assay
was linear (r ≥ 0.999) over the tested concentrations (15–1200 ng/mL). The mass retention
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times for the ions corresponding to codeine and oxycodone were approximately 1.8 and 2.3
min, respectively.

Analysis of Radiolabelled Paclitaxel
Brain, liver, and kidney tissues were weighed and homogenized with an equal volume (1 g/1
mL) of PBS. Tissue solubilizer, Solvable®, Perkin-Elmer, Waltham, MA (1 mL) was added
to the tissue homogenate (200 μL), then incubated at 50°C for 3 h. Glacial acetic acid (50
μL) was added to the homogenate and incubated at 50°C for 1 h for decolorization and then
left to cool down to room temperature. Ultima Gold scintillation cocktail (10 mL) was then
added to the homogenate and kept at room temp for 1 h before counting by Beckman
Coulter LS 6500 multipurpose scintillation counter. For plasma samples, 100 μL of plasma
was added directly to 10 mL of Ultima Gold scintillation cocktail and then analyzed as
described above.

Data Analysis
ATPase Assay

Basal P-gp activity, test compound stimulated P-gp activity, and fold stimulation by a test
compound were calculated according to the following equations:

Basal P-gp activity (pmol ATP consumed/μg P-gp/min)

Test compound stimulated P-gp activity (pmol ATP consumed/μg P-gp/min)

where ATPvanadate is the number of nonconsumed (total) pmols of ATP in the presence of
sodium orthovanadate. ATPcontrol is the number of nonconsumed pmols of ATP in the
presence of the assay buffer. ATPcompound is the number of nonconsumed pmols of ATP in
the presence of a test compound.

Transport Study
The calculation of the apparent permeability, Papp, for transport studies across cell
monolayers was determined from the following equation,

where Papp is the apparent permeability, Vr is the receiver compartment volume, dCr is the
change in the receiver compartment concentration with time, A is the area of the filter, and
Cd is the initial donor compartment concentration. The efflux ratio, ER, for MDR substrates
with/without the P-gp/MRP inhibitors was calculated by the formula,
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Antinociceptive Study
The hot plate latency values were converted to percentages of the maximum possible effect
(%MPE) and plotted against time.24,25

All data were presented as mean ± SEM. Student’s t-test, analysis of variance (ANOVA)
with repeated measures, or ANOVA followed by either Dunnett’s or Bonferroni’s posthoc
tests (SigmaStat™ V2.03 statistical package, San Jose, CA), where appropriate, were used to
determine the statistical significance between groups. SEM of ratios was calculated by the
delta method.30 The 0.05 level of probability was used as the criterion of significance.

RESULTS
Effect of Oxycodone on P-gp ATPase Activity

Wide range of oxycodone concentrations were examined for their effects on P-gp ATPase
activity. Each oxycodone concentration together with a known excess of ATP was incubated
with recombinant human P-gp for 40 min. ATP consumption was detected as a decrease in
luminescence i.e., the higher the stimulation of the P-gp ATPase activity, the lower the
luminescence signal. The rate of ATP consumption increased in a concentration-dependant
manner and ranged from 7.60 to 113.74 pmol ATP/μg P-gp/min (Fig. 1). At lower
concentrations of oxycodone, 5 μM and 10 μM, the rates of ATP consumption were not
significantly different ( p >0.05) from the control (drug-free membranes). However, at
higher concentrations of oxycodone 200 μM, 1000 μM, and 2000 μM, the rate of ATP
consumption was significantly different (p <0.05) from the control. The known P-gp
substrate, verapamil (200 μM), stimulated the rate of ATP consumption by 4.23 fold and
consumed ATP at the rate of 65.73 ± 2.96 pmol ATP/μg P-gp/min (p <0.05) indicating that
oxycodone at higher concentrations is capable of stimulating the P-gp ATPase activity at
rates higher than that of verapamil, the model P-gp substrate.

Transepithelial Transport Studies for Oxycodone
To assess the role of P-gp and MRP on the transport of oxycodone across Caco-2
monolayers, bidirectional transport studies from apical to basolateral side and basolateral to
apical side were conducted for 120 min in the absence and presence of P-gp inhibitor (100
μM verapamil) or MRP inhibitor (100 μM probenecid). Figure 2A presents the apparent
permeability of oxycodone in the absence and presence of P-gp and MRP inhibitors.
Absorptive transport of oxycodone was not altered significantly in the presence of P-gp or
MRP inhibitors. Apparent permeabilities (Papp A–B) were 1.77 × 10−5, 1.97 × 10−5, and
1.73 × 10−5 cm/s for oxycodone alone, oxycodone in the presence of 100 μM verapamil,
and oxycodone in the presence of 100 μM probenecid, respectively. Secretory transport of
oxycodone from (B–A) was reduced significantly in the presence of verapamil (p <0.05) but
not in the presence of probenecid. Apparent permeabilities (Papp B–A) were 3.64 × 10−5,
1.96 × 10−5 (p <0.05), and 2.80 ×10−5 cm/s for oxycodone alone and oxycodone in the
presence of either 100 μM verapamil or 100 μM probenecid, respectively. Efflux ratios of
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oxycodone were 2.06 ± 0.15, 1.01 ± 0.06 (p <0.05), and 1.62 ± 0.25 (p >0.05) for
oxycodone alone, oxycodone plus 100 μM verapamil, and oxycodone plus 100 μM
probenecid, respectively (Fig. 2B).

CNS Distribution of Oxycodone in mdr1a/b (−/−) and Wild Type Mice After Repeated
Administration

To determine the P-gp affinity status of oxycodone and the influence of P-gp on the brain
distribution of oxycodone after repeated administration, in vivo studies were conducted
using mdr1a/b (−/−) and mdr1a/b (+/+) mice. After 6 days of repeated oxycodone
administration, mice were sacrificed and oxycodone brain levels were determined in both
groups. We observed a significant (p <0.05) difference in the brain plasma levels of
oxycodone in mdr1a/b (−/−) mice (115 ± 39 ng/mL) versus mdr1a/b (+/+) mice (levels
below quantitation limit <15 ng/mL) (Fig. 3). In addition, the oxycodone plasma levels were
not significantly different (p >0.05) between the two groups, mdr1a/b (−/−) mice (88.33 ±
28.48 ng/mL) versus mdr1a/b (+/+) mice (70 ± 27.5 ng/mL) (Fig. 3).

Multiple Dose Administration of Oxycodone and Tolerance Development
After single i.p. dose of oxycodone (5 mg/kg), the antinociceptive response was monitored
by hot plate analgesia meter for 120 min. The antinociceptive effect peaked at 30 min with
99.4 %MPE (data not shown). As a result, the 30 min time point was selected to monitor the
latency responses in the multiple oxycodone administration study. Rats treated with
oxycodone developed tolerance after 8 days of treatment. On day 1, the %MPE was 90.9%
(p <0.05) and decreased gradually to 2.9% (p >0.05) below baseline on day 8, indicating
development of tolerance to the analgesic effect of oxycodone (Fig. 4A).

P-gp Induction in Sprague Dawley Rats
Figure 4B is a representative immunoblot of P-gp detected in the intestine, liver, kidney, and
brain tissues of both saline and oxycodone-treated rats. The P-gp monoclonal antibody mAB
C219 recognized a protein of approximately 170 kDa, corresponding to P-gp. Densitometric
quantitation of the P-gp bands indicated that there was an upregulation of P-gp in all four
tissues, where P-gp was induced in oxycodone-treated rats by approximately 2.0-fold, 4.0-
fold, 1.6-fold, and 1.3-fold in the intestine, liver, kidney, and brain tissue, respectively.

Distribution of a Model P-gp Substrate, Paclitaxel, in Oxycodone-Treated Rats
To determine if the increase in P-gp expression observed modulates the in vivo function of
P-gp, the liver, kidney, brain, and plasma distribution of paclitaxel was evaluated in
oxycodone tolerant and control rats. Upregulation of P-gp in the liver, kidney, and brain of
oxycodone-treated rats significantly (p <0.05) hindered the accumulation of paclitaxel in
these tissues. The levels of paclitaxel were decreased by 90% (p <0.05) in liver (Fig. 5A),
87% (p <0.05) in kidney (Fig. 5B), 38% (p <0.05) in brain (Fig. 5C), and 70% (p <0.05) in
plasma (Fig. 5D), 60 min after dosing with the chemotherapeutic agent. The tissues to
plasma ratios for saline-treated rats were 17.07, 16.91, 0.27; however, for the oxycodone-
treated rats the ratios were 5.79, 7.14, and 0.57 for liver, kidney, and brain tissues,
respectively. These results indicate that the upregulation of P-gp upon repeated oxycodone
treatment adversely affects the distribution of paclitaxel (P-gp substrate) in tissues
expressing this efflux transporter.

DISCUSSION
Oxycodone has been used effectively for pain management but little is known about its P-gp
affinity status. In addition, there are no data reported on the level of expression of P-gp upon
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repeated oxycodone administration. Changes in the level of P-gp expression may modulate
the pharmacokinetics as well as the pharmacodynamics of the concomitantly administered
therapeutic agents that are P-gp substrates. The present study was designed to investigate the
P-gp affinity status of oxycodone, the influence of repeated oxycodone administration on the
level of expression of P-gp, and the tissue distribution of paclitaxel, the well-known P-gp
substrate in oxycodone-treated rats.

Many methods have been used to evaluate the P-gp affinity status of different compounds.
These methods are either in vitro assays, e.g., P-gp ATPase activity assay, and monolayer
efflux assay, and calcein-AM fluorescence assay,31 or in vivo assays involving transgenic P-
gp knockout mice.4 Classification of opioids or any other compounds as P-gp substrates or
inhibitors based on only one of the aforementioned methods may be misleading.31 As a
result, both in vitro and in vivo approaches were used herein to evaluate the P-gp affinity
status of oxycodone. For the in vitro studies, both the P-gp ATPase assay and the monolayer
efflux assay were performed. The P-gp ATPase assay indicated that the tested oxycodone
concentrations stimulated the P-gp ATPase activity in a concentration-dependant manner
suggesting that oxycodone is most likely a P-gp substrate. At low concentrations the rate of
ATP consumption was not significantly different from the drug-free control (basal activity;
p >0.05); however at higher concentrations ≥ 200 μM, dramatic increases in the rates of
ATP consumption were observed (p <0.05) (Fig. 1). This biphasic response for P-gp ATPase
activation observed for oxycodone has also been reported for a variety of compounds, e.g.,
promethazine, propafenone, quinidine, dipridamole, and digoxin, and indicates that these
compounds require threshold concentrations for measurable ATPase activation.32,33 It
should be noted that certain compounds stimulate P-gp ATPase activity, but are not
transported by P-gp across cell membranes.31 For this reason, a series of bidirectional
transport studies were conducted using Caco-2 cells, a cell line known to express both P-gp
and MRP.34,35 These studies were performed to determine whether the permeabilities of
oxycodone were modulated in the presence of P-gp or MRP inhibitors. Our results showed
that absorptive transport from (A–B) was not significantly altered in the presence of either
P-gp or MRP inhibitors (Fig. 2A). However, the secretory transport of oxycodone from (B–
A) was reduced by 50% (p <0.05) with the P-gp inhibitor (100 μM verapamil) but was not
significantly reduced in the presence of the MRP inhibitor (100 μM probenecid) (Fig. 2A).
These observations suggest that only the P-gp located in the apical layer of the Caco-2 cells
affects the secretory transport of oxycodone and indicates that oxycodone is a P-gp
substrate. Similarly, in a Caco-2 transport study,34 P-gp was also found to only affect the
secretory transport of morphine and the authors reported that the efflux ratio of morphine
was 2.07 comparable to that of oxycodone (efflux ratio = 2.06).

Although in vitro assays are commonly used to characterize the P-gp affinity status of
several compounds including opioids, results based on in vitro studies alone must be
evaluated with caution. Fentanyl was thought to be a P-gp inhibitor based on in vitro
studies;36 however, in vivo antinociceptive studies indicated that fentanyl is a P-gp
substrate.37 Quite the opposite was evident for meperidine, where in vitro studies indicated
that meperidine is a P-gp substrate5 while in vivo brain uptake studies and antinociceptive
studies indicated that meperidine is not a P-gp substrate.4,37 As such, it is clear that results
based on one assay whether it is in vitro or in vivo must be interpreted with caution. In this
regard, we expanded our investigation to elucidate the P-gp affinity status of oxycodone in
P-gp deficient and P-gp competent mice. Our in vivo studies were in a good agreement with
the in vitro studies’ findings and further confirmed that oxycodone is a P-gp substrate. The
CNS levels of oxycodone were significantly higher (p <0.05) in the mdr1a/ b (−/−) mice
(115 ± 39 ng/mL) versus nondetectable levels (<15 ng/mL) in the P-gp competent mice. The
plasma levels of oxycodone were not significantly different between the two groups
indicating that the higher brain uptake of oxycodone in mdr1a/b (−/−) mice is due to the lack
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of P-gp in the BBB. Similarly, the brain uptake of many opioid agonists, e.g., morphine,
methadone, DPDPE, and loperamide were reported to be enhanced in P-gp deficient mice in
comparison to P-gp competent mice.4,6,15,38

P-gp substrates such as morphine, cyclosporin A, vincristine, dexamethasone, and
rhodamine 123 are known to induce the level of expression of P-gp upon chronic
administration.16,18 As such, it would be expected that repeated administration of P-gp
substrates that are opioid agonists will markedly increase the P-gp expression. In fact, when
morphine was administered to Sprague Dawley rats, a twofold increase in brain P-gp
expression was observed in morphine-treated rats when compared to saline-treated rats.16 To
evaluate the possible effect of repeated oxycodone administration on the level of expression
of P-gp in various tissues, Sprague Dawley rats were subjected to multiple doses of
oxycodone (5 mg/kg i.p.). Western blot analysis after 8 days of treatment was associated
with upregulation in the level of expression of P-gp in the intestine, liver, kidney, and brain
tissues in oxycodone-treated rats when compared to saline-treated rats (Fig. 4B). The
upregulation of P-gp observed in oxycodone tolerant rats in our studies and in morphine
tolerant rats reported elsewhere16 may contribute to the development of tolerance.
Upregulation of P-gp at the BBB may hinder oxycodone or morphine uptake into the CNS
and hence minimize interaction of these agents with opioid receptors resulting in decreased
antinociceptive activity. Further, we observed upregulation of P-gp in the intestine, liver,
and kidney. This apparent change in P-gp expression may lead to a decrease in absorption,
and an increase in the elimination of oxycodone, hence leading to a reduction in its systemic
exposure and possibly contribute to tolerance development.

It should be noted that the enhanced expression of P-gp will have physiological relevance
only if there is a change in the functionality of the protein, e.g., altered drug distribution or
drug uptake in different tissues that express P-gp. In consideration of this point, we
expanded our work to determine the influence of P-gp induction on the tissue distribution of
paclitaxel, the P-gp substrate. Paclitaxel was selected for the following reasons: (1)
paclitaxel is a well-known P-gp substrate28 and induction of P-gp will have an impact on its
tissue distribution, and (2) oxycodone is concomitantly administered with paclitaxel
(antineoplastic agent) for alleviating pain in cancer patients. There was a significant (p
<0.05) decrease in paclitaxel concentration in the brain, liver, kidney, and plasma samples of
oxycodone tolerant rats when compared to saline-treated rats (Fig. 5). The lower level of
paclitaxel observed in the plasma may suggest a higher rate of systemic clearance in
oxycodone tolerant rats which can be attributed to the significant upregulation of P-gp in
both liver and kidney. P-gp is expressed in the canalicular membranes of the hepatocytes
and the apical surface of epithelial cells of the proximal tubules in the kidney. An enhanced
expression of P-gp at these sites facilitates the elimination of P-gp substrates, e.g.,
paclitaxel.8 Our results suggest that repeated administration of oxycodone not only causes
upregulation of P-gp, but also significantly affects the transport of paclitaxel across the
BBB, liver, and kidney. These findings have potentially important implications on the
therapeutic activity of paclitaxel especially in the treatment of brain, hepatic and renal
tumors19–21,39,40 when coadministered with oxycodone. It should be noted that oxycodone
levels would have been quantified in the oxycodone tolerant animals if radiolabelled
oxycodone was available. The evaluation of nonlabeled oxycodone would yield confounding
results to which conclusions concerning the functionality of P-gp expression on oxycodone
tissue distribution could not be determined. Hence, we used a known P-gp substrate,
paclitaxel to display the functional changes in P-gp in oxycodone tolerant rats.

Both our in vitro and in vivo studies are supportive of oxycodone’s status as a P-gp
substrate. The P-gp inhibitor, PSC833 (cyclosporin A analogue), was reported to have no
effect on the brain disposition of oxycodone in Sprague Dawley rats.23 PSC833 although
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known to be a potent inhibitor for the efflux transporter, P-gp, lacks specificity, as it is also a
potent inhibitor for the influx transporter, Oatp2 located in the BBB.41,42 In addition, the
authors tested only a single, very low dose of oxycodone (0.3 mg/kg; 1-h i.v. infusion). The
limitations of defining substrate status based on a low dose are illustrated in a study
involving the administration of three different doses of morphine (1, 3, 5 mg/kg) to P-gp
deficient and P-gp competent mice.37 In this study, the authors concluded that morphine was
a substrate for P-gp only at the higher doses (3 and 5 mg/kg) and not at the low dose (1 mg/
kg).37 The 3 and 5 mg/kg morphine doses resulted in significant increases in the AUECs for
the P-gp deficient mice versus the P-gp competent mice. However, no significant difference
in AUEC was observed for the two groups after the 1 mg/kg dose. If this study was limited
to the low dose (1 mg/kg), morphine would not have been considered as a P-gp substrate.
Even our own in vitro P-gp ATPase data indicated that oxycodone behaves as a P-gp
substrate only at higher concentrations.

In general, for a compound to be considered a P-gp substrate, it should exhibit one or more
of the following characteristics: (1) has an efflux ratio more than 1.5 that can be decreased to
1 by P-gp inhibitors,31 (2) shows significantly higher accumulation in brain or other tissues
of mdr1a/b (−/−) mice in comparison to mdr1a/b (+/+) mice,6,15,43 or (3) results in
upregulation of P-gp upon multiple administration.16,18 In this study, oxycodone had an
efflux ratio of 2.06 that was decreased to 1.01 by verapamil, and significantly higher
oxycodone brain levels were observed for mdr1a/b (−/−) versus mdr1a/b (+/+) mice. Finally
repeated administration of oxycodone resulted in upregulation of P-gp and also affected the
accumulation of the well-known P-gp substrate, paclitaxel in the liver, kidney, and brain
tissues of oxycodone tolerant rats.

Recently, Bostrom et al., (2006)23 reported that oxycodone has a net steady state flux
between brain and plasma above unity and concluded that the brain uptake of oxycodone is
mediated by an unknown influx transporter. Although possible, these results can also be
explained by the relatively high passive permeability of oxycodone (177 nm/s, Fig. 2A) that
is more than the suggested critical values for CNS distribution (>150 nm/s).44 In addition,
many compounds were shown to have high affinity to P-gp while maintaining brain to
plasma ratios above unity. In our laboratory, many CNS acting compounds, e.g., cocaine and
benzotropine analogs were found to be P-gp substrates (efflux ratio = 4.2–8.0) and have flux
values more than unity (2.0–6.6).45

In summary, these findings display that oxycodone is a P-gp substrate and that repeated
treatment with oxycodone produces an induction of P-gp expression that significantly
minimizes the distribution of paclitaxel into the liver, the kidney, and the CNS. This
upregulation of P-gp can lead to a time-dependant exclusion of oxycodone from the brain,
affecting oxycodone brain accumulation, leading to subtherapeutic levels in the CNS, and
thus can contribute to tolerance development to its analgesic effect. These findings can also
in part explain cross tolerance development among oxycodone and possibly other opioid
agonists that are P-gp substrates, e.g., morphine and methadone. Where, tolerance
development to oxycodone can cause upregulation of P-gp that in turn will hinder other
opioid agonists from reaching the needed therapeutic levels. Further studies involving drug–
drug interactions and cross tolerance studies between oxycodone and other opioid agonists
are warranted.
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Abbreviations used

MDR multidrug resistance proteins

P-gp P-glycoprotein

MRP multidrug resistance-associated proteins

Caco-2 epithelial human colon adenocarcinoma cell line

%MPE percentage of maximal possible effect

AUEC area under the percentage maximum possible effect versus time curve

BBMECs bovine brain microvessel endothelial cells
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Figure 1.
Rate of ATP consumption by different oxycodone concentrations. Recombinant human P-gp
were incubated with P-gp-GIO assay buffer™ (20 μL) (control), verapamil (200 μM)
(positive control), sodium orthovanadate (100 μM) (P-gp inhibitor), and oxycodone (5 μM,
10 μM, 200 μM, 1000 μM, and 2000 μM). Verapamil stimulated the basal activity by 4.23-
fold and consumed ATP at a rate of 65.73 ±2.96 pmol ATP/μg P-gp/min. Data are expressed
as the mean ± SEM (n = 3–4).
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Figure 2.
(A) Transepithelial permeabilities of oxycodone in the presence and absence of P-gp
inhibitor (100 μM verapamil, or MRP inhibitor (100 μM probenecid) (black columns) apical
to basolateral permeability (A–B), (gray columns) basolateral to apical permeability (B–A).
(B) Efflux ratios for oxycodone alone, oxycodone plus 100 μM verapamil, and oxycodone
plus 100 μM probenecid. Data are expressed as the mean ± SEM (n = 3). * indicates
significant difference from the control (p <0.05).
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Figure 3.
Oxycodone concentration in brain and plasma tissues of wild type (WT) and P-gp knockout
(KO) mice that received i.p. dose of 5 mg/kg oxycodone twice daily for 6 days. (BLOQ:
below limit of quantitation <15 ng/mL). Data are expressed as the mean ± SEM (n = 3–5). 3
indicates significant difference at (p <0.05).
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Figure 4.
(A) Hot plate latencies expressed as %MPE versus time for Sprague Dawley rats that
received i.p. doses of 5 mg/kg oxycodone (○) or saline (●) twice daily for 8 days. Data are
expressed as mean ± SEM (n = 6). (B) Representative immunodetection of P-gp (170 KDa)
in liver, kidney, brain, and intestine tissues of Sprague Dawley rats that were subjected to 8
days of (S) saline 1 mL/kg or (O) oxycodone (5 mg/kg) treatment. Aliquots (20 μL)
containing 60 μg of protein were loaded onto a 10% SDS–polyacrylamide gel.
Electrophoresis was conducted for 2 h at 30 mA. Samples were then transferred onto PVDF
membrane, incubated with P-gp C219 antibody (1:1500) for 1 h, then the membrane was
washed and incubated with a horseradish peroxidase-linked secondary antibody. Detection
was made using ECL reagents and P-gp band intensity was quantified by densitometric
analysis software. 3 indicates significant difference at (p <0.05).
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Figure 5.
Paclitaxel concentration in (A) liver, (B) kidney, (C) brain, and (D) plasma samples of
Sprague Dawley rats that were sacrificed 60 min after a single i.p. dose of [14C] paclitaxel
(30 μCi/kg) (0.5 mg/kg). Rats received a pretreatment of either oxycodone (5 mg/kg) or
saline (1 mL/kg) twice daily for 8 days. Data are expressed as the mean ± SEM (n = 5). *
indicates significant difference at (p <0.05).
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