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A B S T R A C T

This study investigated the interaction between oxycodone and cannabidiol (CBD) on opioid analgesia and 
pharmacokinetics. We conducted in vivo behavioural studies to assess CBD's short and long-term effects on 
opioid analgesia and used qPCR to investigate the interaction of oxycodone and CBD at the genetic and neural 
level. Acute administration of CBD in male C57BL/6 J mice inhibited the metabolism of oxycodone into its less 
active metabolites, leading to a three-fold increase in total oxycodone exposure and a 50% increase in peak 
concentration. Acutely, this interaction appeared to extend the analgesic efficacy of a single oxycodone dose. In 
contrast, sub-chronic co-administration of CBD and oxycodone accelerated the development of tolerance to 
oxycodone analgesia, but not morphine. Moreover, CBD increased Oprm1 and Cnr1 mRNA expression in the 
periaqueductal gray in oxycodone, but not morphine-treated mice. This potential drug-drug interaction between 
oxycodone and CBD is possibly mediated by CYP2D6 and CYP3A4 enzymes, which are inhibited by CBD, and 
which are responsible for oxycodone, but not morphine metabolism. These findings suggest that CBD alters the 
analgesic efficacy of oxycodone and future translational studies are required to observe if this occurs at lower 
nutraceutical doses of CBD and in humans. The findings may have implications for chronic pain management and 
the simultaneous use of oxycodone and CBD.

1. Introduction

Concurrent opioid and cannabinoid use is common, with up to 51% 
of individuals receiving pharmacological treatment for opioid use dis
order reporting cannabis use [1]. This pattern of co-use has been partly 
attributed to the proposed opioid-sparing effects of cannabinoids. 
Although substantial preclinical evidence supports 
cannabinoid-mediated opioid sparing, clinical studies have generally 
failed to demonstrate consistent analgesic benefit or opioid dose 
reduction [2–4]. Cannabidiol (CBD), has attracted increasing attention 
due to preclinical evidence suggesting it can modulate opioid analgesia 
[2,5–7] without the major psychoactive effects of delta− 9 

tetrahydrocannabinol (THC). One recent study showed that 
co-administration of CBD enhanced the analgesic efficacy of orally 
administered oxycodone in an operant thermal orofacial pain assay, in 
which rodents voluntarily exposed their faces to a cutaneous thermal 
stimulus to obtain a palatable reward [7]. However, human evidence 
remains sparse and largely observational, with correlational studies 
reporting associations between CBD use and reduced self-reported 
opioid consumption in chronic pain populations e.g. [8,9]. One recent 
human laboratory study examining the effect of CBD on hydro
morphone, showed that CBD acutely enhanced hydromorphone anal
gesic and subjective effects [10]. However, it remains unclear whether 
these observed interactions are mediated by pharmacokinetic 
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mechanisms or by other processes.
CBD has been established as a potent inhibitor of specific cytochrome 

P450 (CYP) enzymes, which are responsible for metabolizing approxi
mately 90% of drugs [11–13]. CBD is therefore predicted to interact 
with many drugs, including opioids, antiseizure medications, antide
pressants, acetaminophen, and alcohol [14], with a recent study 
reporting a clear DDI between CBD and the antiseizure medication 
clobazam [13]. Importantly, CBD has been shown to inhibit CYP3A4 and 
CYP2D6 enzymes [14–16], which play a vital role in the metabolism of 
oxycodone (Fig. 1; [17− 19]), the most commonly prescribed opioid 
analgesic [20]. Further, simultaneous inhibition of both these enzymes 
with paroxetine and itraconazole (but not CYP2D6 alone) has been 
found to increase exposure to oral oxycodone in humans [21]. There is 
thus a high risk of a DDI between CBD and oxycodone that has been 
scarcely investigated.

Given CBD inhibits CYP3A4 and CYP2D6 [14–16], the enzymes that 
metabolise oxycodone [17–19], we hypothesised that there would be a 
DDI between CBD and oxycodone and that this would alter oxycodone 
analgesia and exposure. We therefore assessed whether a single 
co-administration of a high dose of CBD and oxycodone altered the 
analgesic efficacy of oxycodone in the hotplate test and its exposure in 
mice. We used a high CBD dose, comparable to that used in clinical trials 
in rare drug‑resistant epilepsies, allowing a proof‑of‑concept test of 
CBD–oxycodone interactions at a dose with established human safety. 
To assess the potential implications of chronic simultaneous use of CBD 
and oxycodone, as would be most common in the context of chronic 
pain, we examined the effects of repeated co-administration of CBD and 
oxycodone on analgesia, tolerance, and Oprm1 and Cnr1 mRNA 
expression in the periaqueductal gray (PAG). The PAG was examined as 
it plays a key role in opioid analgesia [22] and the opioid and 

cannabinoid receptor systems have significant overlap in this region 
(they are co-localized on the same neurons in the PAG; [23]). Finally, we 
examined the effects of co-administration of CBD and morphine, which 
is metabolised primarily by phase II UDP-glucuronosyltransferases 
rather than CYP enzymes [24], to probe whether CBD-opioid DDIs 
might be more prominent in opioids metabolised by CYP3A4 and 
CYP2D6.

2. Methods

2.1. Subjects

N = 206 male C57BL/6 J mice (Animal Resource Centre, Western 
Australia) aged 9–10 weeks and weighing 17–26 g at the start of the 
experiment, were housed in ventilated cages with controlled tempera
ture (~22◦C) and humidity (~55%), a 12-hour light-dark cycle, and 
food and water ad libitum. Mice were housed in ventilated cages in a 
temperature (~22 ◦C) and humidity controlled (~55%) room on a 12- 
hour light-dark cycle (lights on 6 am), with access to food and water 
ad libitum. All testing took place during the light cycle. Mice were given 
at least 10 days to acclimatise to the facility before the commencement 
of studies, including two handling sessions over the course of a week (for 
a duration of 30 s per mouse). All experimental procedures were 
approved by University of Sydney Animal Ethics Committee.

2.2. Drugs

Oxycodone hydrochloride (CH2 Direct, OxyNorm 50 mg/ml dis
solved in physiological saline) was administered at a dose of 5 mg/kg 
(for the acute hot plate experiment) or 10 mg/kg IP (for the pharma
cokinetic and chronic hot plate experiments). Morphine (CH2 Direct, 
Morphine Sulfate, 30 mg/ml dissolved in physiological saline) was 
administered at an equianalgesic dose of 15 mg/kg IP [27]. CBD (Lin
nea) was administered at a dose of 100 mg/kg IP, dissolved in DMSO, 
Tween 80 and saline in a ratio of 1:1:18. Mice were dosed 1 h prior to 
testing as this corresponds to the Tmax of CBD in a study using a similar 
dose of CBD IP, in similar weight mice [28]. Mice were dosed 1 h prior to 
testing, based off methods from our previous study [29] as this corre
sponds to the Tmax of CBD observed in a study using a similar IP dose 
and comparable mouse weights [30]. AMD3100 (Amadis Chemical, 
Plerixafor octahydrochloride), a CXCR4 antagonist, was administered as 
a positive control for chronic co-administration studies, since CXCR4 
signalling contributes to the pathogenies of opioid tolerance in rodents 
and humans [31] and AMD3100 prevents the development of tolerance 
to the analgesic effect of opioids in rodents [32]. AMD3100 was 
administered at a dose of 10 mg/kg IP, dissolved in physiological saline. 
This dose was chosen based off a previous study that has demonstrated 
efficacy of 10 mg/kg AMD3100 IP in a nociceptive behavioural study 
with rats [33]. All doses were administered an injection volume of 
10 mg/kg IP.

2.3. Effect of acute CBD on oxycodone metabolism and analgesic efficacy

For the experiment examining CBD effects on oxycodone meta
bolism, 56 mice received intraperitoneal injections of CBD and oxyco
done, followed by blood collection at selected time points (see Fig. 2A). 
Plasma was isolated and stored at − 80 ◦C for LC-MS/MS analysis, and PK 
parameters were calculated. For the experiment examining CBD for 
oxycodone analgesic efficacy, N = 40 mice were habituated on the hot/ 
cold plate analgesiometer (Ugo Basile, Italy) for 5 min at 25 ±0.1 ◦C to 
avoid novelty-induced behaviours. Mice received an injection of 
100 mg/kg CBD or vehicle, followed by an injection of 5 mg/kg oxy
codone or saline 1 h later. At selected time points following the oxyco
done injection (15 min, 30 min, 60 min, 120 min), mice were placed on 
the hot plate and time taken to show a nociceptive response was 
measured (see Fig. 2A). Nociceptive responses included a hind paw flick, 

Fig. 1. Metabolism of oxycodone and metabolites by CYP450 enzymes. Oxy
codone is metabolized by the CYP2D6 enzyme into oxymorphone and by the 
CYP3A4 enzyme into noroxycodone, with oxymorphone having analgesic ef
fects and noroxycodone considered inactive. Although oxymorphone is twice as 
potent analgesic as oxycodone, it is only present in small amounts, making the 
clinical relevance of this metabolite questionable [25,26]. Noroxymorphone, 
which has a negligible role in analgesia, is formed through the metabolism of 
oxymorphone by CYP3A4 and CYP2D6 and noroxycodone by CYP2D6.
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lick or jump. The hot plate was set at 53.4 ±0.1 ◦C with a cut off time of 
45 s. In house piloting was used to determine the appropriate temper
ature to elicit a latency in oxycodone treatment mice that was sensitive 
to an increase or decrease in latency upon pre-treatment. Cut off times 
were chosen to ensure no tissue damage was inflicted. Pharmacokinetic 
analysis including details on sample preparation, chemicals, and re
agents, and LC-MS/MS procedures are detailed in the supplementary 
methods.

2.4. Effect of sub-chronic co-administration of CBD alongside opioids on 
the development of tolerance opioid analgesia

Before drug administration, N = 110 mice were habituated on the 
hot/cold plate for 10 min at 25 ±0.1 ◦C to avoid novelty induced be
haviours. Baseline latencies to respond to a thermal stimulus on the hot 

and cold plate were measured 3 times (with an intertrial interval of 
between 1 – 3 days) and the average of the second and third trials were 
used (to improve reliability of the baseline measure). Mice received a 
10 ml/kg IP injection of saline, 10 mg/kg oxycodone or 15 mg/kg 
morphine twice daily (at 9 am and 4 pm; 7 h separating injections) for 4 
days. On the 5th day, mice received a final dose of saline, oxycodone, or 
morphine 30 min prior to hot/cold plate testing. Mice were treated with 
either 100 mg/kg CBD, 1 h prior to hot/cold plate testing, 10 m/kg 
AMD3100, 30 min prior to hot/cold plate testing (prepared in the same 
solution as oxycodone), or saline, 1 h prior to hot/cold plate testing.

On day 1, 3 and 5 of drug administration, hot and cold plate latencies 
were measured 30 min after administration of the opioid or 1.5 h after 
CBD administration. For the oxycodone and morphine experiments, the 
hot plate was set at 55 ±0.1 ◦C with a cut off time of 30 s and the cold 
plate set at − 5 ±0.1 ◦C with a cut of time of 60 s. In house piloting was 

Fig. 2. Acute CBD delayed the metabolism of oxycodone into noroxycodone and oxymorphone and extended the duration of oxycodone analgesia on the hot plate. A: 
Experimental timeline and key for panels B-F. B: A single dose of CBD prolonged the analgesic efficacy of oxycodone on the hot plate test. C – F: Concentration-time 
graphs for oxycodone and metabolites. CBD treatment increased the Cmax, t1/2 and AUC of oxycodone, while decreasing Cmax, prolonging t1/2 and decreasing AUC of 
its metabolites. *** p < .001 for the trend analysis interaction for VEH-OXY vs CBD-OXY. VEH = vehicle, OXY = oxycodone, CBD = cannabidiol. Error bars represent 
SEM, with n = 10 per condition for B; n = 4 per condition for graphs C – F.
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used to determine temperatures that yield maximum latencies on day 1 
and that are sensitive to a decline overtime (due to the development of 
tolerance to the analgesic effects of the opioid). For the CBD control 
(opioid naïve) experiment, the hot plate measured 48 ±0.1 ◦C with a cut 
off time of 45 s and the cold plate measured − 1 ±0.1 ◦C with a cut of 
time of 60 s. In house piloting was used to determine the appropriate 
temperature to elicit a latency sensitive to any nociceptive effect of CBD. 
Cut off times were chosen to ensure no tissue damage was inflicted. 
Weights were taken at 4 time points throughout the protocol.

Mice were sacrificed immediately following hot/cold plate testing by 
live decapitation. Brains were rapidly extracted, placed into pre-labelled 
tubes, and the tubes were immediately submerged in liquid nitrogen for 
freezing. The brains were stored at − 80◦C until thawed, after which the 
PAG was isolated by microdissection under a microscope. The isolated 
tissue was then returned to storage at − 80◦C until further analysis. 
Further methods for isolation of the PAG from whole brain tissue, as well 
as RNA extraction and complementary DNA (cDNA) synthesis, are 
provided in the Supplementary Methods.

Real time qPCR was performed to assess mRNA expression levels of 
Oprm1 and Cnr1 using Actb as the reference gene. Each qPCR experi
ment was carried out using a Quant Studio 6 (ThermoFisher, USA) Real- 
Time PCR machine. Each reaction consisted of cDNA (100 ng/reaction), 
SensiFAST SYBR® No-ROX Master mix (Bioline, Australia) and forward 
and reverse primers with a FAM reporter probe (IDT, final concentration 
500 nM [primers] and 250 nM [probe]). Primer and probe (IDT, USA) 
sequences are provided in supplementary table 4 (S4). To assess changes 
in gene expression, we analysed the mean fold change of each sample 
using the reference gene Actb, according to the Pfaffl Method as previ
ously described [34].

2.5. Statistics

The first experiment examined the effect of acute CBD on oxycodone 
analgesic efficacy, with treatment condition (vehicle-saline, CBD-saline, 
vehicle-oxycodone, and CBD-oxycodone) and time (15, 30, 60, and 
120 min) as independent variables and time taken to show a nociceptive 
response as the dependent variable. A 4 × 4 mixed ANOVA was con
ducted, followed by pairwise comparisons, trend and interaction trend 
contrasts. Pharmacokinetic parameters were estimated from composite 
concentration–time profiles generated using a serial-sacrifice design, 
with n = 4 animals per timepoint per treatment condition. Because 
repeated sampling from individual mice was not feasible, blood con
centrations at each timepoint were obtained from independent animals 
and averaged to construct group concentration–time curves. AUC₀–24 
was calculated using the linear trapezoidal rule, and terminal half-life 
(t½) was estimated by log-linear regression over the terminal elimina
tion phase. To quantify uncertainty in derived pharmacokinetic pa
rameters, stratified bootstrap resampling (5000 iterations) was 
performed within each treatment × timepoint cell, and SEM and 95% 
confidence intervals were calculated for Cmax, AUC₀–24, and t½.

The next set of experiments investigated the effect of sub-chronic co- 
administration of CBD with oxycodone, morphine or saline on the 
development of tolerance. For each set of experiments, treatment con
dition and day (baseline, day 1, 3, and 5) were the independent vari
ables, and the time taken to show a nociceptive response on the hot and 
cold plates as the dependent variable. For the oxycodone experiment, 
the treatment conditions were vehicle-saline, CBD-saline, vehicle- 
oxycodone, CBD-oxycodone, and AMD3100-oxycodone. For the 
morphine experiment, the treatment conditions were vehicle- 
oxycodone, CBD-oxycodone, vehicle-morphine, and CBD-morphine. 
Mixed ANOVA followed by pairwise comparisons, trend and interac
tion trend contrasts were conducted. For the CBD control experiment, 
with treatment conditions of vehicle-saline and CBD-saline, a 2 × 4 
mixed ANOVA was conducted, followed by pairwise comparisons. In the 
PCR experiment, the effect of sub-chronic co-administration of CBD with 
oxycodone and morphine on OPRM1 and CNR1 mRNAs in the PAG was 

investigated, with treatment condition (vehicle-saline, CBD-saline, 
vehicle-oxycodone, CBD-oxycodone, vehicle-morphine, CBD- 
morphine, and AMD3100-oxycodone) as the independent variable and 
mRNA expression relative to the vehicle-saline group as the dependent 
variable. A one-way ANOVA with a Tukey’s post hoc test was conducted. 
Data are presented as mean ±SEM. All statistical analyses were con
ducted using SPSS (Version 28). Significance was set at p < 0.05.

3. Results

To facilitate brevity and clarity of reporting, only summary statistics 
are presented below and in the figure legends. Detailed results from 
statistical analyses are provided in Tables S1 and S2.

3.1. CBD extends the duration of oxycodone analgesic efficacy

Given CBD inhibits CYP3A4 and CYP2D6 [14–16], the enzymes that 
metabolise oxycodone [17–19], we hypothesised there would be a DDI 
between CBD and oxycodone and that this would alter the analgesic 
effect of oxycodone. We therefore assessed whether a single 
co-administration of CBD and oxycodone altered the analgesic efficacy 
of oxycodone in the hotplate test and its exposure in mice. Adminis
tration of 100 mg/kg CBD one hour before administration of 5 mg/kg 
oxycodone (Fig. 2A) extended the duration of the analgesic effects of 
oxycodone on the hotplate test in C57BL/6 mice (Fig. 2B). Fifteen mi
nutes after oxycodone administration all groups treated with oxycodone 
showed a large effect size increase in hot plate nociceptive response 
latencies compared to vehicle treated control mice (VEH-VEH vs: 
VEH-OXY 95% CI [− 38.55, − 26.49], p < .001, d = − 3.65, 1-β >0.99; 
CBD-OXY 95% CI [− 40.71, − 28.65], p < .001, d = − 3.89, 1-β >0.99). 
CBD had no impact on oxycodone’s analgesic efficacy at this timepoint 
(all p = 0.472). CBD on its own had no analgesic effect (p = 0.987). A 
strong linear decline in oxycodone analgesic efficacy was observed over 
the four timepoints (0.25, 0.5, 1 and 2 h), F(1,18) = 211.81, p < .001, 
ηp² = .92. This decline differed between the vehicle-treated and 
CBD-treated mice, as evidenced by a significant quadratic time x treat
ment interaction, F(1,18) = 33.11, p < .001, ηp² = .65, indicating a 
more sustained analgesic response in the CBD-treated mice relative to 
vehicle-treated mice. In vehicle treated mice, oxycodone analgesic ef
fects were abolished by 1 h (95% CI [− 4.4, 8.06), p = .555, d = 0.2), 
whereas there was still a large effect size analgesic response present in 
CBD mice at this timepoint (VEH-VEH vs CBD-OXY 95% CI [− 23.37, 
10.91], p < .001, d = − 1.86, 1-β = 0.98).

3.2. CBD has a drug-drug interaction with oxycodone that increases 
oxycodone exposure

Similarly, in light of the hypothesised DDI between CBD and oxy
codone, we hypothesised that CBD would alter the exposure of oxyco
done in the blood. A pharmacokinetic analysis of oxycodone and its 
metabolites in C57BL/6 mouse plasma following administration of 
100 mg/kg CBD or vehicle 1 h prior to administration of 5 mg/kg oxy
codone revealed a DDI between oxycodone and CBD. CBD substantially 
altered the pharmacokinetic parameters of oxycodone and its three 
metabolites (Fig. 2C-F, Table 1). Administration of CBD did not affect 
the Tmax (time taken to reach Cmax; maximum concentration) of oxy
codone but caused a 47% increase in its Cmax (529.6–778.1 ng/ml). CBD 
treatment also extended the t1/2 (half-life) of oxycodone from 22.2 to 
37.8 min. The increased Cmax and longer t1/2 translated to an increase 
total oxycodone exposure by 68% (AUC 331.8 vs 1025 ng h/ml). 
Because CBD inhibited the metabolism of oxycodone, concentrations of 
metabolites were reduced. As expected, both Cmax and AUC values 
decreased for all metabolites - noroxycodone (59% and 17%), oxy
morphone (65% and 32%) and noroxymorphone (79% and 44%). CBD 
delayed noroxycodone and noroxymorphone Tmax by 45 min (15 min to 
60 min) but had no effect on oxymorphone Tmax. CBD increased 
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noroxycodone, oxymorphone and noroxymorphone t1/2 by 158, 10 and 
247 min, respectively.

3.3. CBD accelerated the development of tolerance to oxycodone 
analgesia

To assess the potential implications of chronic simultaneous use of 
CBD and oxycodone, as would be most common in the context of chronic 
pain, we examined the effects of repeated co-administration of CBD and 
oxycodone on analgesia and tolerance. Co-administration of CBD 
alongside twice daily oxycodone injections accelerated the development 
of tolerance to oxycodone analgesia on the hot and cold plate tests 
(Fig. 3 B and C). At baseline, there was no difference in paw withdrawal 
latency on the hot or cold plate tests between vehicle treated control 
mice and any other condition (all p > .05). On Day 1, all groups treated 
with oxycodone showed a significant increase in latency to nociceptive 
response on the hot and cold plate tests (with all mice reaching the 
maximum latency) compared to vehicle treated control mice (hot plate 
all 95% CI [− 25.21, − 22.37], p < .001, d = − 10.09, 1-β >0.99; cold 
plate all 95% CI [− 58.55, − 54.39), p < .001, d = − 16.33, 1-β > 0.99) 
and there was no difference in oxycodone’s analgesic effects between 
the oxycodone treated conditions (all p > .999). CBD on its own had no 
analgesic effect on the hot (p = .061) or cold plate (p = .900). On the 
hot plate, mice treated with vehicle or CBD developed tolerance to the 
analgesic effects of oxycodone from day 1 to day 5, VEH F(1,9) = 59.19, 
p < .001, ηp² = .87; VEH F(1,9) = 239.97, p < .001, ηp2 = .96. How
ever, tolerance to oxycodone analgesia on the hotplate developed sub
stantially more rapidly in mice that received CBD compared to vehicle F 
(1,18) = 7.03, p = .016, ηp² = 0.28). In contrast, AMD3100, inhibited 
the development of tolerance to oxycodone on the hot plate test F(1,9) 
= 4.22, p = .070, ηp2 = .32. On the cold plate test, mice treated with 
vehicle or AMD3100 did not develop statistically significant tolerance to 
oxycodone analgesia (VEH F(1,9) = 2.82, p = .127, ηp2 = .24.; 
AMD3100 F(1,9) = 2.72, p = .134, ηp² = .23), whereas mice treated 
with CBD developed significant tolerance (F(1,9) = 23.12, p < .001, ηp² 
= .72; interaction F(1,18) = 15.81, p < .001, ηp² = .47).

3.4. CBD had no effect on the development of tolerance to morphine 
analgesia

We examined the effects of co-administration of CBD and morphine, 
which is metabolised primarily by phase II UDP- 
glucuronosyltransferases rather than CYP enzymes [24], to determine 
whether CBD-opioid DDIs are specific to those opioids metabolised by 
CYP3A4 and CYP2D6. Co-administration of CBD alongside twice daily 
morphine injections had no effect on the development of tolerance to 
morphine analgesia on the hot or cold plate tests, and acceleration of the 
development of tolerance to oxycodone analgesia by CBD was replicated 
(Fig. 3 D and E). At baseline, there was no significant difference in paw 
withdrawal latency on the hot or cold plate test between any conditions 
[all p > .05]. On day 1, CBD had no effect on oxycodone analgesia 
(p = .459) on the hot plate but did appear to increase nociceptive 

latency to morphine (95% CI [− 10.27, − 1.81, p = .006, d = − 2.9, 1-β =
0.54), and nociceptive latencies were longer in oxycodone versus 
morphine treated mice (95% CI [− 10.77, − 2.31], p = .003, d = − 1.05, 
1-β = 0.6). In contrast, CBD had no significant effect on oxycodone or 
morphine analgesia on the cold plate test on day 1 (all p > .197), and 
there were no differences in nociceptive latencies between oxycodone 
and morphine (p = .507). As in the previous experiment, CBD acceler
ated the development of tolerance to oxycodone’s analgesic effects on 
both the hot (linear interaction F(1,18) = 4.52, p = .048, ηp² = .2) and 
cold plate tests (linear interaction F(1,18) = 10.34, p = .005, ηp² = .37; 
quadratic interaction F(1,18) = 5.01, p = .038, ηp² = .22). In morphine 
treated mice, the linear decrease in nociceptive response latency was 
also greater in mice treated with CBD compared to vehicle (linear 
interaction F(1,18) = 8.19, p = .010, ηp² = .31); however, since there 
were no differences in latencies on day 3 and day 5 (both p > .579) the 
interaction here can be attributed to CBD’s enhancement of latency on 
day 1, rather than an acceleration of the development of tolerance. 
Further, CBD had no effect on the development of tolerance to morphine 
analgesia on the cold plate test (p = .981).

3.5. Effect of CBD alone on nociception on the hot plate and cold plate

To examine if the observed effects of combining CBD and oxycodone 
result from their interaction rather than an additive effect of each 
compound individually, we assessed the impact of CBD alone on noci
ception. Five days of CBD administration had minimal effect on noci
ceptive response latencies on the hot or cold plate tests (Fig. 3 F and G). 
CBD or vehicle was administered twice daily for 4 days, followed by a 
single administration on day 5. Hot and cold plate nociceptive response 
latencies were measured at baseline and on days 1, 3 and 5. There was 
no effect of day or CBD treatment on hot plate nociceptive response 
latency (both p > .238). However, there was an interaction between 
treatment condition and day (p = .015), such that CBD treated rats had a 
longer hot plate nociceptive response latency on day 5 compared to 
vehicle (p = .012), but there was no difference on at baseline, day 1 or 
day 3 (all p > .156). There was no effect of day or CBD treatment on cold 
plate response latency (all p > .080).

3.6. Chronic co-administration of CBD and oxycodone increased Oprm1 
and Cnr1 mRNA expression in the PAG

We examined the effects of repeated co-administration of CBD and 
oxycodone on Oprm1 and Cnr1 mRNA expression in the PAG, as this 
region plays a key role in opioid analgesia [22] and the opioid and 
cannabinoid receptor systems have significant overlap in this region 
[23]. Relative real time RT-PCR analysis was used to assess the changes 
in gene expression in the PAG following co-administration of CBD with 
morphine or oxycodone. As shown in Figs. 4A and 4B, CBD 
co-administration with oxycodone selectively increased expression of 
Oprm1 mRNA (~ 2-fold; p < 0.05) and Cnr1 mRNA (~ 2-fold; p < 0.01).

Table 1 
Effect of CBD on the pharmacokinetics of oxycodone and its metabolites noroxycodone, oxymorphone and noroxymorphine in mouse plasma samples.

Oxycodone Noroxycodone Oxymorphone Noroxymorphone

Treatment VEH + OXY CBD + OXY VEH + OXY CBD + OXY VEH + OXY CBD + OXY VEH + OXY CBD + OXY

Cmax (ng/ml) ±
SEM (95% CI)

529.5 ± 17.1 
(492, 561)

778.1 ± 15.2 
(749.6, 806.5)

384.7 ± 23.3 
(343.9, 436)

159.4 ± 6.9 
(146.7, 173)

22 ± 1.6 (19.8, 
25.5)

7.7 ± 1.2 (6.4, 
11)

11.3 ± 1.3 (9.4, 
14.4)

2.4 ± 0.2 (2.2, 3)

Tmax (min) 15 15 15 60 15 15 15 60
t1/2 (min) ± SEM 

(95% CI)
19.6 ± 1 (17.7, 
21.8)

51.8 ± 5.5 
(43.9, 65.3)

71.8 ± 2.6 
(66.7, 76.7)

91.7 ± 4.6 
(81.2, 99.2)

26.6 ± 1.9 
(23.6, 30.8)

58.3 ± 9.1 
(43.8, 79.3)

75.3 ± 13.6 
(58.2, 111.4)

273.5 ± 3139.3 
(137, 1344.7)

AUC 0–24 (ng h/ 
ml) ± SEM 
(95% CI)

331.8 ± 32.2 
(270.8, 396)

1025.1 ± 136 
(831.1, 1330.8)

811.3 ± 38.7 
(737.2, 889.1)

670.7 ± 21.8 
(626.9, 711.2)

31.9 ± 4.2 
(25.1, 40.9)

21.8 ± 1.1 
(19.8, 23.9)

26.2 ± 2.4 
(21.7, 31)

14.8 ± 1.4 (12.2, 
17.5)

VEH = vehicle, CBD = cannabidiol, OXY = oxycodone
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Fig. 3. Chronic co-administration of CBD accelerated the development of tolerance to the analgesic effects of oxycodone, but not morphine. A: Timeline of events and 
key for panels B-G. B: CBD accelerated the development of tolerance to the analgesic effects of oxycodone on the hot plate and AMD3100 prevented the development 
oxycodone tolerance. C: On the cold plate test, mice treated with vehicle or AMD3100 did not develop tolerance to oxycodone analgesia, whereas mice treated with 
CBD developed tolerance D-E: CBD accelerated the development of tolerance to the analgesic effects of oxycodone, but not morphine on the hot and cold plate. F-G: 
There was no effect of day or CBD treatment on hot or cold plate response latency. *p < .05, **p < .01, **p < .01 for the trend analysis interaction for VEH-OXY vs 
CBD-OXY.#p < .01 for the trend analysis interaction for VEH-MOR vs CBD-MOR. yyp < 05, VEH-MOR vs; VEH-OXY and CBD-MOR. p < .05, VEH vs CBD. VEH 
= vehicle, OXY = oxycodone, MOR = morphine, CBD = cannabidiol. Error bars represent SEM, with n = 10 per condition.
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4. Discussion

To the best of our knowledge, this is the first study to demonstrate 
inhibition of oxycodone metabolism by CBD. Acute CBD delayed oxy
codone metabolism into noroxycodone, oxymorphone and norox
ymorphone, resulting in a three-fold increase in total oxycodone 
exposure and ~50% increase in peak oxycodone concentration, which 
extended the analgesic efficacy of oxycodone following a single co- 
administration of oxycodone and CBD. This is consistent with prior 
studies showing that orally administered CBD enhances the analgesic 
effects of orally administered oxycodone in rats [7] and that CBD may 
exert opioid-sparing effects [2,35]. In contrast, sub-chronic co-admin
istration of CBD and oxycodone accelerated the development of toler
ance to oxycodone analgesia, but not morphine. As expected, 
administration of the positive control CXCR4 antagonist, AMD3100, 
prevented the development of tolerance to the analgesic effects of oxy
codone, consistent with previous studies [36–38], demonstrating the 
model we used is sensitive to detect both positive and negative effects on 
opioid tolerance. CBD increased Oprm1 and Cnr1 mRNA expression in 
the PAG in oxycodone, but not morphine treated mice. Given morphine 
is not metabolized by the CYP2D6 and CYP3A4 enzymes involved in 
oxycodone metabolism, CBD inhibits these enzymes [12,14–16], and 
inhibition of both these enzymes in humans substantially increases 
exposure to oral oxycodone [21], one possible explanation is a DDI 
between CBD and oxycodone, arising from inhibition of CYP2D6- and 
CYP3A4-mediated oxycodone metabolism. This is consistent with evi
dence that inhibition of these enzymes in humans substantially increases 
exposure to oral oxycodone [23]. The apparent DDI between 
sub-chronic CBD and oxycodone may result from increased oxycodone 
exposure, resulting in elongation of oxycodone effects acutely, causing 
changes in receptor mRNA expression and more rapid development of 
tolerance following repeated co-administration.

To ensure the relevance of our findings to humans, we used doses of 
CBD and oxycodone that are comparable to those used in clinical trials 
and practice. CBD was administered IP at a dose of 100 mg/kg, which 
approximates doses used in clinical trials in rare drug-resistant epi
lepsies (oral 20 mg/kg) after allometric scaling and accounting for the 
low oral bioavailability of CBD [13]. The doses of oxycodone used (5 – 
10 mg/kg IP), equate to a human equivalent dose of 
0.407–0.813 mg/kg, or 25–50 mg in a 60 kg human, based on allometric 
scaling [39]. Extended-release oxycodone tablets range from 10 mg – 
160 mg (Package Insert; [40]). Further, plasma exposure levels observed 
in the current study (529.6 ng h/ml) are consistent with exposure ach
ieved following the administration of 40 mg controlled release 

oxycodone tablets (423.1 ng hr/ml; 40). Therefore, the oxycodone doses 
and exposures achieved are clinically relevant, whereas the CBD dose 
represents a high‑exposure scenario aligned with prescription doses in 
epilepsy, rather than low-dose nutraceutical use. This design allowed a 
proof‑of‑concept test of CBD-oxycodone interactions at an exposure 
with established human safety, but it limits direct extrapolation to lower 
doses commonly used in the community. Future work should include 
multiple CBD doses (e.g. 1–100 mg/kg) with concurrent measurement 
of CBD and oxycodone plasma concentrations to define the 
exposure-response relationship.

Given CBD increased clinically relevant plasma levels of oxycodone, 
it is possible that CBD may also increase the risk of adverse effects 
associated with oxycodone. These could include the onset of side effects 
usually associated with higher doses of oxycodone, such as respiratory 
depression, at lower doses. A future study could examine whether CBD 
increases the respiratory depressant effects of oxycodone in mice across 
a range of CBD and oxycodone doses. Further, increased oxycodone 
exposure could raise concerns about effects on abuse liability. However, 
some studies demonstrate that CBD reduces the abuse liability of oxy
codone by decreasing self-administration in rats [41,42] and others 
demonstrate neutral effects on abuse liability [43]. One possibility is 
that CBD increases plasma and brain concentrations of oxycodone, 
allowing for lower dosing schedules while maintaining brain exposure. 
Another potential consequence of increased oxycodone exposure relates 
to the development of opioid tolerance. If CBD alters oxycodone phar
macokinetics, repeated co-administration could influence the rate at 
which tolerance develops and, consequently, the need for dose escala
tion to maintain analgesic efficacy. In clinical settings, greater opioid 
dose escalation is associated with increased risk of opioid dependence, 
opioid use disorder, and overdose, which may be relevant for chronic 
pain patients using CBD alongside prescribed opioids.

MORs in the PAG are critically involved in opioid analgesia [44]. 
Most opioids have been shown to downregulate MOR expression [45]
and downregulation of MOR expression, MOR desensitisation, as well as 
other changes in MOR receptor function, play a role in the development 
of tolerance to opioids [46,47]. As such, the increased MOR mRNA 
expression in the PAG following CBD-oxycodone co-administration 
observed in the present study may be a compensatory response to re
ceptor internalisation or recycling, or some other functional decrease in 
MOR activity, resulting from chronic oxycodone exposure. Consistent 
with this interpretation, high quantities of oxycodone 
self-administration have been shown to cause a downregulation of 
striatal MOR protein accompanied by an upregulation in Oprm1 mRNA 
expression [48]. Our findings suggest that a similar phenomenon may 

Fig. 4.. CBD co-administration alongside oxycodone, but not morphine or saline, increased Oprm1 and Cnr1 mRNA expression in the PAG of mice. A: Co- 
administration of CBD with oxycodone, but not morphine or saline, increased Oprm1 mRNA expression in the PAG. B: Co-administration of CBD with oxycodone, 
but not morphine, increased Cnr1 mRNA expression in the PAG. *p < .05 and **p < .01. Error bars represent SEM.
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exist in the PAG, which could play an important role in the development 
of tolerance to oxycodone analgesia and the acceleration of the devel
opment of tolerance when CBD is co-administered with oxycodone. 
However, as this interpretation is based on mRNA data alone, future 
studies should confirm these changes at the protein level and assess 
whether alterations in receptor binding or signalling accompany the 
observed transcriptional effects.

CBD co-administration with oxycodone also increased Cnr1 mRNA 
levels in the PAG. The opioid and cannabinoid receptor systems have 
significant overlap: they are co-localized on the same neurons in the 
PAG, form heterodimers, and share intracellular signalling mechanisms 
[23,49,50]. Further, opioid administration triggers the release of 
endocannabinoids and cannabinoids trigger the release of opioid pep
tides [51,52]. Consistent with our findings, repeated MOR agonism has 
been shown to increase Cnr1 mRNA, protein, and density in multiple 
brain regions in rats [53–56]. Since CBD only impacted Oprm1 and Cnr1 
mRNA expression when co-administered with oxycodone, and not when 
co-administered with morphine or administered alone, this further 
supports the pharmacokinetic, behavioural and neural interactions re
ported between CBD and oxycodone being mediated by CYP3A4 and 
CYP2D6 metabolism. While the absence of significant changes in the 
morphine group supports the specificity of this interaction, broader gene 
expression profiling including other opioid- and cannabinoid-related 
genes would provide deeper mechanistic insight and should be pur
sued in future studies.

The present findings are not without limitations and emphasise 
multiple avenues for future investigation to elucidate the mechanisms 
underlying the CBD-oxycodone interaction and its broader implications. 
Although we hypothesize that the CBD–oxycodone interaction is medi
ated through inhibition of CYP2D6 and CYP3A4, this mechanism re
mains speculative in the absence of direct enzyme activity data. Future 
in vitro or ex vivo studies should evaluate CBD’s effects on CYP2D6 and 
CYP3A4 activity in the mouse model and include established CYP in
hibitors as controls to explore whether the observed pharmacokinetic 
interactions are enzyme mediated. Further, it should be noted that 
oxycodone, morphine and CBD can influence locomotor activity, which 
may confound pain response latencies [57–59]. While locomotion was 
not assessed in the present study, previous work from our group in
dicates that CBD does not affect locomotor activity at the dose used, in 
the context of opioid withdrawal [33], which is consistent with what’s 
observed in the literature [60]. It is therefore unlikely that the observed 
effects were driven by CBD-induced alterations in motor activity, 
although potential opioid-related effects on locomotion cannot be 
excluded. Future work should incorporate locomotor assays (e.g. open 
field) alongside nociceptive tests to dissociate analgesic from motor 
effects.

Additionally, in the morphine-treated group, tolerance appears to 
develop rapidly, with response latencies returning to near baseline levels 
by day 3, therefore it is possible that a floor effect that may obscure the 
detection of accelerated tolerance. Future research should assess toler
ance more frequently - potentially multiple times daily from day 1 to day 
4 - given the rapid onset of tolerance observed. Further, testing with a 
lower morphine dose or using a lower temperature on the hot plate test 
with a higher maximum latency could improve sensitivity. Future 
research might also explore the impact of CBD on other pain modalities, 
such as mechanical pain assessed via the von Frey test and investigate its 
effect on opioid analgesia within the context of chronic pain, specifically 
using a spared nerve injury model. Finally, the study exclusively used 
male C57BL/6 J mice, which limits the generalizability of the findings. 
Sex differences in opioid metabolism and CYP enzyme activity, pain 
sensitivity, and cannabinoid effects are well documented [61–63]. 
Future studies should include both sexes to determine whether the 
observed CBD–opioid interactions are sex-dependent and to enhance the 
translational relevance of these findings.

Taken together, our study suggests that there may be a significant 
DDI between oxycodone and CBD. This DDI between oxycodone and 

CBD may have implications for pain management and for the safety and 
tolerability of these two substances when used in combination. Given 
CBD is widely available [64], oxycodone is a commonly prescribed 
opioid [20], and CBD and opioids are increasingly being used in com
bination [1], there may be need for caution when using these drugs in 
combination. Future studies are required to more comprehensively 
examine the interaction between CBD and oxycodone in preclinical 
models and in humans.
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