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Abstract

Aims: Cannabidiol (CBD), the main non-intoxicating compound from the cannabis

plant, is regularly used by patients with chronic pain who also take analgesics. CBD

has previously been shown to inhibit CYP-mediated drug metabolism. This study

aimed to characterize the potential pharmacokinetic interaction of CBD with amitrip-

tyline and tramadol, two commonly used analgesics.

Methods: This was an open-label, fixed-sequence, 2-way crossover study in

13 healthy participants. On Day 1, 25 mg amitriptyline and 50 mg tramadol were co-

administered orally in a fasted condition, followed by a 7-day washout period. On

Day 8, 30 mg CBD was administered orally 1 h prior to amitriptyline and tramadol.

Pharmacokinetic sampling was performed for CBD, amitriptyline, tramadol and their

respective active metabolites nortriptyline and O-desmethyltramadol for up to 24 h

post-dose. The areas under the curve (AUCs) were compared between visits using a

mixed effects model.

Results: Twelve participants (4M/8F) completed the study; one participant

(M) dropped out for personal reasons. CBD significantly increased the AUC0-24h (least

square means [LSM] ratio 1.13, 95% CI: 1.01, 1.26, p = 0.033) and the Cmax (LSM

ratio 1.17, 95% CI: 1.01, 1.36, p = 0.041) of amitriptyline. CBD did not significantly

change the AUC0-24h and Cmax of nortriptyline and tramadol, and the Cmax of

O-desmethyltramadol.

Conclusions: A single dose of 30 mg CBD significantly influenced the metabolism of

amitriptyline in healthy volunteers. In patients, CBD-induced drug interactions may

be more pronounced in chronic dosing and dependent upon prandial status.
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1 | INTRODUCTION

Cannabidiol (CBD) is the main non-intoxicating compound from the

cannabis plant.1 CBD is commonly used in combination with tradi-

tional analgesics by virtue of its frequent presence in medicinal canna-

bis, which is a moderately effective treatment for neuropathic pain.2

Moreover, CBD-containing products such as oils, gummies and bever-

ages are available as over-the-counter (OTC) health supplements3 and

are increasingly used for treatment of pain, as well as anxiety, and

improvement of sleep and mood,4 despite lacking clear evidence of

therapeutic efficacy.5

Although CBD use is highly prevalent,6 it may not be harmless.

Besides the risk of liver injury after long-term use,7 CBD is also a

potent CYP-enzyme inhibitor, having been shown to inhibit mostly

CYP2C19-, CYP2C9-, CYP3A4-, CYP1A2- and CYP2B6-mediated

metabolism in vitro,8–11 as well as CYP2C19, CYP2C9, CYP3A4 and

CYP1A2 in humans administered a validated CYP substrate cocktail.12

Although some in-vitro studies suggest a degree of CYP2D6

inhibition,8,9,13 the only available study in humans failed to show it.12

Clinical publications report interactions between CBD and

tacrolimus,14 clobazam15 and other anti-epileptics.16 Typically, the

interactions between CBD and substrate drugs result in increased

substrate concentrations and therefore increased toxicity, although in

the case of clobazam, in has even been argued that the interaction

could explain the efficacy of CBD in the treatment of Dravet

syndrome,17 and the European Medicines Agency (EMA) approved

CBD for this indication only in conjunction with clobazam.18

Patients with chronic neuropathic pain who use medicinal canna-

bis or OTC CBD supplements are, therefore, at risk of drug interac-

tions between CBD and conventional analgesics that are metabolized

by CYP-enzymes. Amitriptyline is one such commonly prescribed anal-

gesic that is liable to a pharmacokinetic interaction with CBD, as it is

metabolized by CYP2C19 (mainly), CYP2C9 and CYP3A4, into nortrip-

tyline, an active metabolite. CBD is a known inhibitor of these three

enzymes and can be expected to inhibit the conversion of amitripty-

line to nortriptyline, resulting in elevated amitriptyline concentrations

and an increased amitriptyline to nortriptyline ratio (Figure 1). This is

associated with an increased potential for adverse effects, including

sedation, orthostatic hypotension and cardiotoxicity.19

Tramadol is another analgesic commonly used by patients with

chronic neuropathic pain that has potential for drug interactions

with CBD. Tramadol is converted for approximately 80% into

O-desmethyltramadol (O-DSMT) by CYP2D6, and for approximately

20% into N-desmethyltramadol (N-DSMT) by CYP3A4 and CYP2B6.

O-DSMT has a significantly higher affinity for the μ-opioid receptor

than the parent compound and is primarily responsible for the analge-

sic effects of tramadol, whereas N-DSMT is inactive.20 O-DSMT sub-

sequently undergoes phase II metabolism, either directly or after

conversion to the mildly active N,O-desmethyltramadol (N,O-DSMT),

by CYP3A4 and CYP2B6. CBD is an inhibitor of CYP3A4 and

CYP2B6, and therefore, we hypothesized that CBD would 1) further

increase the proportion of parent compound converted to O-DSMT

by CYP2D6 (which we assumed to be unaffected by CBD12) and 2)

inhibit the N-demethylation of O-DSMT to N,O-DSMT, with both 1)

and 2) resulting in increased concentrations of O-DSMT (Figure 1).

Elevated O-DSMT levels can cause toxicity such as sleepiness, confu-

sion, shallow breathing and even life-threatening respiratory

depression.21

Although previous clinical research clearly demonstrated CBD-

induced CYP-mediated drug interactions, the high doses of CBD

administered limit the translatability to patients with neuropathic pain

and OTC CBD users. Some studies administered a single dose of

640 mg CBD,12,22 while others involved the long-term treatment

of rare epilepsy syndromes, with daily doses up to 50 mg/kg CBD.14–16

In contrast, patients with chronic neuropathic pain who participated in

a clinical trial of Sativex®, a formulation containing both THC and CBD

in an (approximately) equal measure, self-administered an average of

27.3 mg CBD daily.23 It is likely that this lower CBD intake is also more

representative of OTC CBD use, with a typical strength per serving

ranging between 5 and 50 mg CBD,3 although products up to 100 mg

CBD per serving are available.24 Our own previous research showed

that 30 mg CBD affects the metabolism of THC (CYP3A4 and CYP2C9

substrate), demonstrating that commonly used low CBD doses may

already put individuals at risk of drug interactions.25

The extent of pharmacokinetic interactions between CBD in com-

monly used doses and analgesics is not yet known. This lack of knowl-

edge puts patients with chronic neuropathic pain, as well as other

patient populations commonly treated with amitriptyline and trama-

dol, at an increased risk of adverse effects. The aim of this study was

to characterize the potential of CBD to induce CYP-mediated drug

interactions with amitriptyline and tramadol. We used an open-label,

fixed sequence two-way crossover design in healthy volunteers,

What is already known about this subject

• Cannabidiol (CBD) is a CYP enzyme inhibitor known to

increase plasma concentrations of THC, anti-epileptics

and other drugs.

• Amitryptiline and tramadol are commonly used for the

treatment of chronic neuropathic pain.

• As CYP substrates, amitryptiline and tramadol are poten-

tially liable to drug interactions with CBD.

What this study adds

• Single doses of 30 mg CBD significantly increased plasma

concentrations of amitriptyline in healthy volunteers.

• Concentrations of nortriptyline, tramadol and

O-desmethyltramadol did not increase significantly.

• Even a relatively low dose of CBD can influence the

metabolism of drugs used by patients with chronic pain,

leading to higher plasma concentrations.
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utilizing a CBD dose that is representative of common use in patients

with neuropathic pain and OTC CBD users.

2 | METHODS

2.1 | Participants and study design

This study was an open-label, fixed sequence, 2-way crossover study

in 13 healthy participants. On Day 1, 25 mg amitriptyline and 50 mg

tramadol were orally administered concurrently, followed by a wash-

out period of at least 7 days. On Day 8, 30 mg of oral CBD oil was

administered 1 h prior to amitriptyline and tramadol. On Days 1 and

8, participants presented to the clinical research unit in the morning

and were discharged in the evening, briefly returning in the

morning of Days 2 and 9 for pharmacokinetic sampling.

The study was conducted at the Centre for Human Drug

Research in Leiden, the Netherlands. The study was authorized under

the Clinical Trial Regulation (536/2014) by the Medical Ethics com-

mittee of Stichting Beoordeling Ethiek Biomedisch Onderzoek (Assen,

the Netherlands) and was conducted according to the Dutch act on

Medical Research Involving Human Participants (WMO) and in com-

pliance with all International Conference on Harmonization Good

Clinical Practice (ICH-GCP) guidelines and the Declaration of Helsinki.

This study was submitted via the Clinical Trials Information System

(CTIS) and therefore registered prospectively on the corresponding

public portal, under EU trial number 2023-508428-36-00. This

research has been funded by the Dutch Organization for knowledge

and innovation in health, healthcare and well-being (ZonMw), grant

number 848120001.

Each participant provided written informed consent before any

screening procedures were performed. Eligible participants included

healthy male and female volunteers aged 18 to 45 years, with a body

mass index of 18 to 32 kg/m2 and a minimum weight of 50 kg. The

participants underwent a full medical screening, including medical his-

tory, a physical examination, blood chemistry and haematology, urinal-

ysis and an electrocardiogram (ECG) to assess eligibility. Participants

with a history of clinically significant epileptic disorders or traumatic

brain injury were excluded, as tramadol and amitriptyline are known

to lower the seizure threshold.26 Any participant who was a regular

user of any illicit drugs (including cannabis), had a history of drug

abuse or a positive urine drug test at screening, was excluded. Urine

drug tests were repeated pre-dose on Days 1 and 8.

A CYP genotyping sample was taken at screening and analysed

by the Department of Clinical Pharmacy and Toxicology, Leiden Uni-

versity Medical Centre (Leiden, The Netherlands). The list of tested

CYP enzyme variants is provided in the Supplementary Materials and

phenotyping into poor, intermediate, extensive and ultra-rapid meta-

bolizers was performed according to the guidelines of the Dutch Phar-

macogenetics Working Group.27,28 Participants with a poor

metabolizer phenotype for CYP2D6 were excluded, as their signifi-

cantly reduced bioavailability of O-desmethyltramadol,29 would hin-

der the assessment of the effect of cannabidiol on its metabolism.

Furthermore, participants with the CYP2D6 ultrarapid metabolizer

phenotype were also excluded, as this phenotype increases the

metabolism of amitriptyline and its metabolite nortriptyline into their

hydroxy metabolites, leading to low drug concentrations (and subopti-

mal therapeutic efficacy) in the clinical setting.19 Therefore, the

CYP2D6 ultrarapid metabolizer phenotype was expected to hinder

the assessment of cannabidiol effects on CYP2C19, CYP2C9 and

F IGURE 1 Expected action of CBD on
tramadol and amitriptyline metabolism.
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CYP3A4-mediated metabolism of amitriptyline to nortriptyline. Also,

individuals with a poor metabolizer phenotype for CYP2C19 and

CYP3A4 were excluded, as the low inherent enzyme activity in such

individuals would hinder the assessment of inhibitory effects of

cannabidiol.

No prescription and OTC medications were permitted within

14 days prior to dosing and during the course of the study, with the

exception of paracetamol (up to 4 g/day) and ibuprofen (up to 1 g/

day). No vitamin, mineral, herbal and dietary supplements were per-

mitted within 7 days prior to dosing. Participants abstained from nico-

tine, alcohol and caffeine starting at 24 h prior to dosing and until the

last PK sample of the visit. Any nutrients known to modulate CYP

enzyme activity (e.g., grapefruit or Seville orange-containing products

or quinine-containing drinks such as tonic water or bitter lemon) were

not permitted from 3 days before the first visit until the end of the

study. Participants were required to fast for at least 8 h overnight

before dosing and for 3 h post-dose.

All females of childbearing potential and all males were required

to practice effective contraception during the study and to continue

contraception for at least 90 days after the last dosing. Urine preg-

nancy testing was conducted in female participants on each study day

prior to dosing.

2.2 | Study drugs

The cannabidiol formulation used in this study was Clinican®, an

almond oil-based formulation containing 10% cannabidiol and manu-

factured by Clinical Cannabis Care (Breukelen, the Netherlands) and

administered orally with 240 mL of water following an overnight fast.

Single doses of 30 mg CBD were administered. Although CYP-enzyme

inhibition was expected to increase with multiple administrations of

CBD, owing to accumulation and the time-dependency of the inhibi-

tion, single administrations of CBD were deemed sufficient for this

study, based on observed PK interactions induced by single doses of

CBD in our previous research.25 Furthermore, we estimated that the

30 mg CBD dose is at the upper end of the range of CBD intake of

patients who use CBD-rich varieties of medicinal cannabis

(or formulations containing THC and CBD, like Sativex®) for treatment

of neuropathic pain symptoms,23 and as well as an approximately

median dose for OTC CBD users. Cannabidiol was administered one

hour prior to amitriptyline and tramadol (during visit 2 only) to offset

the slower absorption expected from an oil-based cannabinoid formu-

lation, compared to the victim drugs.

Generic oral formulations of tramadol (50 mg tramadol hydro-

chloride capsule) and amitriptyline (25 mg hydrochloride tablet) were

used in this study. These doses were at the low end of the therapeutic

range, allowing for a safety margin for possible increases in plasma

concentrations when co-administered with CBD. Tramadol and ami-

triptyline were not known to induce or inhibit CYP-enzymes in gen-

eral, and no specific pharmacokinetic interactions between the two

victim drugs were known to the investigators. Co-administration of

tramadol and amitriptyline was hypothesized to increase the risk

of serotonergic syndrome and seizures, as both drugs have a mono-

aminergic effect and reduce the seizure threshold. However, this risk

was deemed clinically irrelevant when low, single doses were adminis-

tered to healthy volunteers. Based on these consideration regarding

pharmacokinetics and safety, the two victim drugs were administered

together in a cocktail design.

A wash-out period of at least 7 days was considered sufficient, as

it spanned over 5 terminal half-lives of tramadol (�5–6 h),30 O-DSMT

(�7 h),30 amitriptyline (�25 h)31 and nortriptyline (�26 h).32

2.3 | Pharmacokinetic assessments

Sampling for pharmacokinetics was performed pre-dose and at 1, 2,

3, 4, 5, 6, 8, 12 and 24 h following the administration of amitriptyline

and tramadol. Approximately 4 mL blood was collected via an

i.v. catheter placed in an antecubital vein in the arm in polypropylene

K2EDTA tubes. Following collection, samples were immediately

cooled on ice. Within 30 min of collection, plasma was separated by

centrifugation at approximately 2000 g for 10 min and promptly

transferred into amber glass vials and stored at �70 to 80 �C. The

samples were analysed by the iC42 Laboratory (Department of Anes-

thesiology, University of Colorado, Aurora, Colorado, USA). CBD and

CBD metabolites were analysed using a validated assay that was pre-

viously published (CBD metabolite concentrations not reported in this

manuscript).33 Concentrations of amitriptyline, nortriptyline, tramadol

and O-desmethyltramadol were determined using a validated assay

that was based on a previously published high-performance liquid

chromatography tandem mass spectrometry (HPLC-MS/MS)

method.34 Details regarding the bioanalytical assays used to measure

CBD, amitriptyline, nortriptyline, tramadol and O-desmethyltramadol

are located in the Supplementary Materials section.

R 3.6.1 for Windows (R Foundation for Statistical Computing/R

development Core Team, Vienna, Austria, 2019), PKNCA package ver-

sion 0.9.5, was used to calculate pharmacokinetic parameters. PK

parameter calculations were based on actual sampling time. When an

actual sampling time differed from the protocol time by more than

10% and at least 5 min, the concentration was excluded from the

descriptive statistics, but not from the non-compartmental analysis.

AUC was calculated using the linear-log trapezoidal rule. For the cal-

culation of PK parameters, concentrations below the limit of quantifi-

cation (BLQ) that occurred prior to the first quantifiable

concentrations were considered as zero. BLQ concentrations that

occurred between the first and last non-BLQ values or occurred after

the last non-BLQ value were dropped (treated as ‘missing’). Metabo-

lite/parent ratios were calculated based on the AUClast and corrected

for the molecular weight ratio.

2.4 | Safety assessments

Safety and tolerability were assessed by monitoring of adverse events

(AE) and vital signs.
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2.5 | Sample size

A sample size calculation was performed based on the AUCs of

O-desmethyltramadol and amitriptyline, as these parameters were

expected to be most impacted by CBD. We expected the co-

administration of CBD to result in an approximately 50% increase in

AUC of O-desmethyltramadol and amitriptyline, based on our

previous report.25 The sample calculation for a crossover study

design required intra-individual variability of the AUC of

O-desmethyltramadol and amitriptyline to be known; however, such

data were not publicly available. Therefore, the intra-individual

variability was assumed to be (at most) equal to the known inter-

individual variability (which was a conservative estimate, as inter-

individual variability typically exceeds intra-individual variability), and

the calculated power is likely to be an underestimation.

For the sample size calculation for O-desmethyltramadol, the

AUC and variability reported in a previous trial with 25 participants

dosed with 100 mg tramadol were used, in which a mean

(SD) AUC of 669 (181) ng*h/mL was reported for

O-desmethyltramadol.35 Although the tramadol dose in this trial

differed from the intended dose in our study, the estimate of the

variability derived from this trial was deemed appropriate for the

purpose of this sample size calculation. We calculated a sample

size of 12 to have a power of 0.998 to detect a difference in

means of 350 ng*h/mL (corresponding to a difference of 52%),

assuming a standard deviation of differences of 225 ng*h/mL, using

a paired t-test with a 0.05 two-sided significance level, in a cross-

over study design.

For the sample size calculation for amitriptyline, the AUC and var-

iability reported in a previous trial with 28 participants dosed with

10 mg of amitriptyline were used, in which a mean (SD) AUC of

156 (87.8) ng*h/mL was reported for amitriptyline.36 Although the

amitriptyline dose in this trial differed from the intended dose in our

study, the estimate of the variability derived from this trial was

deemed appropriate for the purpose of this sample size calculation.

We calculated a sample size of 12 to have a power of 0.764 to detect

a difference in means of 85 ng*h/mL (corresponding to a difference of

54%), assuming a standard deviation of differences of 100 ng*h/mL,

using a paired t-test with a 0.05 two-sided significance level, in a

crossover study design.

In addition to the statistical considerations provided above, the

sample size of 12 participants was expected to be sufficient for a two-

way crossover drug–drug interaction study of CBD as perpetrator

drug, based on previously published literature on the design of drug–

drug interaction studies.16,37

2.6 | Statistical analysis

To establish whether significant treatment effects could be detected,

the PK parameters were compared with a mixed effects model analy-

sis of variance (ANOVA) with treatment as a fixed factor and partici-

pants as a random factor on log-transformed data. The general

treatment effect and specific contrasts were reported with the esti-

mated difference and the 95% confidence interval, the least square

mean estimates and the p-value. All calculations were performed

using SAS for Windows V9.4 (SAS Institute, Inc., Cary, NC, USA).

3 | RESULTS

The clinical phase of the trial ran from December 2023 to March

2024. A total of 31 participants were screened, of which 13 (5 males/8

females) were enrolled in the study and dosed. Table 1 contains a

summary of the baseline demographics. Of the 13 dosed participants,

1 (male) withdrew from the study following the first visit due to per-

sonal reasons and was replaced; 12 participants successfully com-

pleted the trial per protocol. Further details on participant enrolment

are contained in the study flow diagram (Figure 2). All participants

included in the study had either the extensive metabolizer or the

TABLE 1 Baseline participant demographics and CYP-enzyme
phenotypes.

All participants (N = 13)

Age (years)

Mean (SD) 24.4 (4.4)

Median (Min, Max) 22 (21, 35)

Height (cm)

Mean (SD) 177.4 (9.7)

Median (Min, Max) 174.8 (164.5, 194.4)

Weight (kg)

Mean (SD) 69.02 (8.17)

Median (Min, Max) 68.05 (58.95, 87.85)

BMI (kg/m2)

Mean (SD) 22.0 (2.3)

Median (Min, Max) 21.3 (18.6, 25.8)

Gender

Female 8 (61.5%)

Male 5 (38.5%)

Race

Asian 1 (7.7%)

White 12 (92.3%)

CYP2C19 phenotype

EM 10 (76.9%)

IM 3 (23.1%)

CYP2D6 phenotype

EM 10 (76.9%)

IM 3 (23.1%)

CYP3A4 phenotype

EM 12 (92.3%)

IM 1 (7.7%)

Abbreviations: BMI, body mass index; EM, extensive metabolizer; IM,

intermediate metabolizer; max, maximum; min, minimum; N, number; SD,

standard deviation.
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intermediate metabolizer phenotype for CYP2C19, CYP2D6 and

CYP3A4 (Table 1).

Baseline concentrations of all analytes were below the limit of

quantification (BLQ) for all participants, except for one participant

with a baseline amitriptyline concentration of 0.85 ng/ml (lower limit

of quantification: 0.75 ng/ml) during visit 2, which was treated as BLQ

in the analysis. Number and percentage of BLQ samples per analyte

are provided in the Supplementary Materials.

Mean pharmacokinetic parameters of CBD, amitriptyline, nor-

triptyline, tramadol and O-DSMT are provided in Table 2, and their

concentration-time profiles are displayed in Figure 3. CBD

significantly increased the AUC0-24h of amitriptyline (LSM ratio

1.13, 95% CI: 1.01, 1.26, p = 0.033), as well as its Cmax (LSM ratio

1.17, 95% CI: 1.01, 1.36, p = 0.041). Furthermore, amitriptyline

Clast (LSM ratio 1.14, 95% CI: 0.99, 1.32, p = 0.058) and tramadol

Cmax (LSM ratio 1.10, 95% CI: 0.99, 1.22, p = 0.064) increased

after treatment with CBD but did not reach statistical

significance. (Table 3). CBD had no statistically significant effects

on other pharmacokinetic parameters of amitriptyline, tramadol and

their metabolites, including the metabolite to parent ratios

(Table 3).

No serious adverse events occurred during the study. All AEs

were transient and mild. The most common AEs were fatigue,

reported by 10 (76.9%) participants after treatment with amitriptyline

and tramadol and 10 (83.3%) participants after treatment with CBD,

amitriptyline and tramadol and headache, reported by 3 (21.3%) par-

ticipants and 3 (25.0%) participants, respectively. Dizziness was

reported more frequently after dosing with amitriptyline and tramadol

(4 [30.8%] participants) than after dosing with CBD, amitriptyline and

tramadol (1 [8.3%] participant). An overview of AEs is provided in the

Supplementary Materials.

4 | DISCUSSION

CBD is known to cause potentially toxic pharmacokinetic drug inter-

actions with multiple CYP-substrate drugs due to its CYP-enzyme

inhibiting properties. However, the potential of CBD to cause pharma-

cokinetic interactions with analgesics that are commonly used for the

treatment of chronic neuropathic had not been previously evaluated.

The aim of this study was to characterize the potential pharmacoki-

netic interaction between CBD and common analgesics amitriptyline

and tramadol at a CBD dose that is expected to be representative of

common use in patients with neuropathic pain and OTC CBD users. In

line with our hypothesis, 30 mg CBD significantly increased the

plasma concentrations of amitriptyline, indicative of CBD-induced

inhibition of CYP-mediated metabolism. Furthermore, the Cmax of tra-

madol also increased, although not statistically significantly. The mag-

nitude of the observed increases was limited, and it is unclear from

the current study whether it is clinically meaningful. The observed

slight increases in amitriptyline and tramadol concentrations may not

be noticed by a patient and would certainly not cause toxicity. Thus,

at exposures achieved in this study, CBD is safe in patients who use

amitriptyline or tramadol.

However, there are reasons to expect that some patients may

reach CBD exposures far exceeding those achieved in this study.

Firstly, repeated or chronic CBD dosing is likely to be prevalent in

patient populations, whereas single doses were administered in this

study. CBD has a long terminal half-life of �60 h, and moderate accu-

mulation is known to occur after repeated dosing.38 Additionally, CBD

is a time-dependent CYP-inhibitor,8,9 meaning that a prolonged expo-

sure from repeated dosing will produce more inhibition than single

doses of CBD. Secondly, as CBD is a highly lipophilic compound,39 its

absorption is strongly influenced by the prandial state of the

F IGURE 2 CONSORT study
flowchart.
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TABLE 2 Pharmacokinetic parameters of cannabidiol, amitriptyline, nortriptyline, tramadol and O-desmethyltramadol.

Parameter Unit N Mean

Geometric

mean SD CV (%)

Geometric

CV (%) Median Min Max

Cannabidiol

Visit 2 AUClast h*ng/

mL

12 6.9 5.3 5.4 78.0 87.4 6.2 1.7 20.3

Cmax ng/mL 12 3.5 2.9 2.4 68.1 68.4 3.0 1.1 9.8

Clast ng/mL 12 1.1 1.0 0.3 25.3 25.0 1.1 0.8 1.7

tlag h 12 0.0 0.0 4.0

tmax h 12 2.0 2.0 5.0

Amitriptyline

Visit 1 AUClast h*ng/

mL

13 143.9 138.6 39.4 27.3 30.2 142.7 79.3 199.1

Cmax ng/mL 13 12.9 12.3 3.9 30.3 33.6 12.8 6.1 20.7

Clast ng/mL 13 3.6 3.4 1.1 30.6 31.3 3.3 2.0 5.5

tlag h 13 0.0 0.0 1.0

tmax h 13 4.0 3.0 6.0

Visit 2 AUClast h*ng/

mL

12 160.3 153.0 50.1 31.3 33.0 152.9 88.2 224.4

Cmax ng/mL 12 14.8 14.0 4.8 32.4 37.1 13.6 6.5 21.4

Clast ng/mL 12 4.0 3.8 1.3 31.8 32.3 3.6 2.3 6.2

tlag h 12 0.0 0.0 1.0

tmax h 12 4.0 2.0 5.0

Nortriptyline

Visit 1 AUClast h*ng/

mL

13 77.9 75.3 20.9 26.8 27.9 73.0 40.7 126.0

Cmax ng/mL 13 4.5 4.4 1.2 25.7 26.4 4.5 2.5 7.1

Clast ng/mL 13 3.4 3.3 0.9 27.6 30.8 3.3 1.5 5.5

tlag h 13 1.0 0.0 3.0

tmax h 13 6.0 4.0 12.0

MPR - 13 0.62 0.57 0.24 38.9 44.8 0.60 0.24 1.06

Visit 2 AUClast h*ng/

mL

12 84.5 80.6 27.6 32.7 32.8 77.3 48.0 133.7

Cmax ng/mL 12 4.7 4.5 1.5 32.3 31.7 4.7 2.7 8.3

Clast ng/mL 12 3.5 3.3 1.4 40.4 39.7 3.2 1.9 6.2

tlag h 12 1.0 0.0 2.0

tmax h 12 6.0 4.0 12.0

MPR - 12 0.60 0.56 0.24 39.8 44.4 0.53 0.23 0.99

Tramadol

Visit 1 AUClast h*ng/

mL

13 1168.4 1130.0 305.4 26.1 27.8 1239.2 753.8 1553.9

Cmax ng/mL 13 140.6 136.9 33.9 24.1 24.8 134.8 89.4 205.9

Clast ng/mL 13 8.9 7.4 5.0 56.5 74.0 8.4 2.1 16.7

tlag h 13 0.0 0.0 0.0

tmax h 13 2.0 1.0 4.0

Visit 2 AUClast h*ng/

mL

12 1211.0 1152.7 392.7 32.4 34.0 1159.2 727.7 1773.7

Cmax ng/mL 12 153.3 150.1 31.4 20.5 22.6 154.9 89.6 195.4

Clast ng/mL 12 8.7 6.8 5.7 65.4 9.6 8.0 1.9 17.4

(Continues)
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individual. Therefore, patients who take CBD in a fed state will reach

higher CBD concentrations for any given dose and thereby increase

the risk and magnitude of interactions.

The size of the interaction observed in this study was smaller

compared to our previous report, where 30 mg CBD increased the

mean AUC of 11-OH-THC, main active metabolite of THC, another

CYP2C19 substrate, by 71% when administered 30 min before

THC.25 Metabolism of THC is not identical to the metabolism of ami-

triptyline and tramadol, and the discrepant findings in the two studies

may reflect differences in the way these drugs interact with CBD.

Importantly, substantially lower plasma CBD concentrations in the

current study (mean±SD Cmax 3.5 ± 2.4 ng/ml) compared to the pre-

vious study (mean±SD Cmax of 5.6 ± 4.6 ng/ml) likely contributed to

a smaller effect size. The higher CBD concentrations in the previous

trial could be attributed to the semi-standardized light breakfast was

administered prior to dosing, whereas participants in the current

study were dosed in a fasted condition. Additionally, it is possible

that the difference in drug formulation played a role in absorption:

an oil formulation was administered in this study vs. a tablet formula-

tion in the previous study. The relative contribution of prandial status

and formulation remains uncertain in the absence of pharmacokinetic

data of both formulations administered under similar prandial

conditions.

The strengths of this study included the use of a CBD dose that is

relevant to patients with chronic neuropathic pain (as well as the gen-

eral population), and the choice of two widely prescribed analgesics as

victim drugs, which makes the results of this research relevant to a

broad patient population. The open-label, fixed-sequence, two-way

crossover design was well-suited to address the research question,

and the sample size was adequate for the hypothesized effect size.

Exclusion of individuals with poor metabolizer phenotypes for

CYP2D6, CYP2C19 and CYP3A4, as well as CYP2D6 ultra-rapid

metabolizers, removed the variability that such phenotypes would

have introduced to the outcomes, since CBD was a priori expected to

have little to no effect on victim drug metabolism in participants with

such phenotypes.

Limitations include a pharmacokinetic sampling schedule that

lacked sampling for CBD concentrations at earlier timepoints than 2 h

post-dose, which limited the characterization of the absorption phase

of CBD and is likely to have affected the estimates of its pharmacoki-

netic parameters. However, characterization of CBD PK was not a pri-

mary goal of this study. Moreover, sampling up to 24 h post-dose

proved too short for full characterization of the pharmacokinetic pro-

file of amitriptyline and especially nortriptyline. For amitriptyline, the

terminal elimination phase was not fully captured by the sampling

schedule, and for nortriptyline, most of the elimination phase. The

estimates of the Cmax are unaffected, but the estimates of the AUC

are limited by the duration of the sampling period and are certain to

be underestimation of the AUCinf. This limited sampling schedule is

unlikely to have influenced the conclusions of this study, however.

Inhibition of CYP-mediated metabolism should be apparent from

altered concentrations of amitriptyline and nortriptyline within 24 h

post-dose, if at all present, as evidenced by previous research compar-

ing the metabolism of amitriptyline in patients with different CYP2D6

TABLE 2 (Continued)

Parameter Unit N Mean

Geometric

mean SD CV (%)

Geometric

CV (%) Median Min Max

tlag h 12 0.0 0.0 0.0

tmax h 12 2.0 1.0 3.0

O-desmethyltramadol

Visit 1 AUClast h*ng/

mL

13 412.0 400.4 105.2 25.5 25.0 388.6 283.5 605.4

Cmax ng/mL 13 36.7 35.0 12.6 34.3 32.0 31.1 24.1 63.2

Clast ng/mL 13 4.8 4.4 2.0 41.8 46.3 4.1 2.0 9.1

tlag h 13 0.0 0.0 0.0

tmax h 13 3.0 1.0 5.0

MPR - 13 0.40 0.37 0.15 37.7 34.9 0.33 0.26 0.74

Visit 2 AUClast h*ng/

mL

12 411.1 399.5 102.9 25.0 25.4 396.1 282.2 603.9

Cmax ng/mL 12 39.5 37.6 13.8 34.9 31.8 33.6 25.8 70.3

Clast ng/mL 12 4.4 4.0 2.0 46.0 48.5 3.9 2.0 7.9

tlag h 12 0.0 0.0 0.0

tmax h 12 2.5 1.0 4.0

MPR - 12 0.39 0.37 0.14 36.0 34.4 0.32 0.27 0.64

Abbreviations: AUClast, area under the concentration-time curve from time zero to time of last measurable concentration; CBD, cannabidiol; Cmax,

maximum concentration; Clast, last observed concentration; CV, coefficient of variation; Geo, geometric; max, maximum; min, minimum; MPR, metabolite

to parent ratio; N, number; SD, standard deviation; tlag, absorption lag time; tmax, time to attain Cmax.
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F IGURE 3 Concentration-time profiles of a) cannabidiol, b) amitriptyline, c) nortriptyline, d) tramadol and e) O-desmethyltramadol following
oral administration, displayed as means with standard deviations.
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and CYP2C19 genotypes.40 Therefore, it is highly unlikely that an

extended sampling period would have revealed an interaction that

was missed in the current study. A larger sample size may have

allowed for the detection of significant changes in the amitriptyline

Clast and tramadol Cmax.

The proven potential of CBD to cause CYP-mediated drug inter-

actions, as well as the high (and growing) prevalence of its use,4 war-

rant future clinical studies of CBD-induced drug interactions, despite

the modest interaction observed in this study. Future investigations

should especially focus on the interaction between CBD and com-

monly used analgesics, anxiolytics, hypnotics and antidepressants.

Because OTC CBD is often used for treatment of pain and anxiety

and to improve sleep and mood,4 it is precisely the typical prescription

drugs for these indications, which are the most exposed to interac-

tions with CBD. Finally, the large potential of CBD to cause drug–drug

interaction induces us to speculate that the putative efficacy of CBD

as an analgesic, anxiolytic or hypnotic could be in part explained by

CBD-induced, CYP-mediated drug–drug interactions with conven-

tional drugs used concomitantly, as has also been hypothesized for

CBD's anti-epileptic properties. Speculative, but not implausible, are

positive reinforcement loops, where CBD-induced interactions notice-

ably increase the effects of concomitant drugs, which leads patients

to escalate CBD intake. Uncovering such interactions has the poten-

tial to improve individual pharmacotherapy, as adjustments of the vic-

tim drug dose appear to be a more sound pharmacotherapeutic

strategy than reliance on unpredictable CYP-mediated interactions

induced by an expensive drug with adverse effects of its own.
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TABLE 3 Overall treatment effects on pharmacokinetic parameters.

Back transformed

95% CI

Analyte Parameter P-value LSM Visit 2 LSM Visit 1 Ratio of LSMs Lower Upper

Amitriptyline AUClast 0.033 156.24 138.56 1.13 1.01 1.26

Cmax 0.041 14.46 12.33 1.17 1.01 1.36

Clast 0.058 3.89 3.40 1.14 0.99 1.32

Nortriptyline AUClast 0.309 79.54 75.31 1.06 0.94 1.18

Cmax 0.580 4.51 4.36 1.04 0.91 1.18

Clast 0.926 3.28 3.30 0.99 0.86 1.15

MPR 0.294 0.54 0.57 0.93 0.82 1.07

Tramadol AUClast 0.259 1175.77 1130.01 1.04 0.97 1.12

Cmax 0.064 150.95 136.87 1.10 0.99 1.22

Clast 0.690 7.16 7.41 0.97 0.80 1.16

O-desmethyltramadol AUClast 0.830 396.86 400.41 0.99 0.91 1.08

Cmax 0.261 36.84 34.99 1.05 0.96 1.16

Clast 0.206 4.04 4.43 0.91 0.79 1.06

MPR 0.351 0.36 0.37 0.95 0.86 1.06

The figures in bold indicate statistical significance. Abbreviations: AUClast, area under the concentration-time curve from time zero to time of last

measurable concentration; Cmax, maximum concentration; CI, confidence interval; Clast, last observed concentration; LSM, least square mean; MPR,

metabolite to parent ratio.
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