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Cannabis products premixed with caffeine are increasingly present in the United States marketplace. Despite emergence of this
product class, no human laboratory data have directly evaluated the isolated impact of caffeine on Δ9-tetrahydrocannabinol (Δ9-
THC) effects as well as additional impacts of other common co-administered cannabinoids. This double-blind, randomized, placebo-
controlled, within-subject crossover study evaluated potential pharmacodynamic and pharmacokinetic interactions between/
among Δ9-THC, caffeine, and cannabidiol (CBD). Participants (N= 20; 10 men/10 women) completed outpatient laboratory sessions
in which oral Δ9-THC (7.5 mg cumulative), caffeine (180 mg cumulative), and/or CBD (105mg cumulative) were co-administered in a
cumulative dosing design. Primary outcomes included subjective effects indicative of abuse liability (e.g., drug high), performance
effects that underlie safety risk (e.g., simulated driving), and plasma cannabinoid/caffeine concentrations. Caffeine co-
administration produced minimal changes in Δ9-THC-induced subjective effects, performance, or metabolism, although signals for
perceived driving impairment were observed. In contrast, CBD, when co-administered with Δ9-THC and caffeine increased
outcomes associated with abuse liability (e.g., drug high, p= 0.002) and performance impairment versus Δ9-THC alone. CBD also
increased plasma Δ9-THC (p= 0.004) and 11-OH-Δ9-THC (p < 0.001) concentrations compared with dose conditions without CBD
co-administration. These data provide the first direct assessment of the pharmacodynamic and pharmacokinetic effects of Δ9-THC
and caffeine when co-administered in humans. The robust alteration of Δ9-THC-induced effects and Δ9-THC pharmacokinetics by
CBD further emphasizes the importance of considering full cannabinoid profiles. Broadly, these data highlight the importance of
considering drug combinations and interactions in future cannabis regulatory decision-making.

Neuropsychopharmacology (2025) 50:1827–1835; https://doi.org/10.1038/s41386-025-02232-x

INTRODUCTION
Legislative actions have enabled legal access to cannabis products
for adults in every state in the United States (US) either through
adult-use, medical, and/or commercial (hemp-derived products
legal under the 2018 Farm Bill) markets. Understanding how
phytocannabinoids (i.e., naturally occurring chemical constituents
of the cannabis plant) interact with each other, as well as with other
commonly used drugs, is essential for understanding the net public
health risks and benefits of cannabis and cannabinoid use.
One combination increasingly present in commercial products is

cannabis and caffeine co-formulations. Surveillance of commercial
marketplaces indicates numerous caffeine products that co-contain
Δ9-THC and/or cannabidiol (CBD) which are sometimesmarketed as
non-alcohol alternatives and advertised for their effects on
subjective energy [1]. These co-formulated products are often oral
beverages suggesting that use may occur over a longer duration
rather than in a single bolus use typical of other edible products (see
example retail products in Supplemental Materials). Despite these

marketing claims and the presence of these products in the
marketplace, limited controlled laboratory research has evaluated
the interactive pharmacodynamic and pharmacokinetic effects of
cannabinoids and caffeine.
Preclinical work has demonstrated that caffeine can exacerbate

Δ9-THC-induced decreases in working memory performance in
rodents [2]. Caffeine is an adenosine A2 antagonist and selective
adenosine A2 antagonists have also been shown to produce
biphasic effects on cannabis self-administration in squirrel monkeys
with selective downward shifts in Δ9-THC self-administration dose-
response curves with low A2 antagonist doses, but leftward shifts at
high A2 antagonist doses [3]. Striatal adenosine A2 receptors can
also interact with CB1 receptors to influence signaling as well as to
form heteromeric complexes that may underly these behavioral
effects [4–7].
Few controlled human laboratory studies have evaluated the

interaction of cannabis constituents and caffeine. One Phase I study
evaluated caffeine (200mg) pharmacokinetics prior to and after 26
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days of repeated daily administration of high doses of purified CBD
(500mg ascending to 1,500mg/day) [8]. Relative to baseline,
steady-state CBD dosing produced a 15% increase in peak
concentration (Cmax) of caffeine and increase from 1.5 to 3 hours
for the time to peak caffeine concentration (tmax). Another study
found that acute CBD pretreatment (25–240mg) did not alter the
pharmacodynamic effects of caffeine (200mg) when tested in a
remote data collection setting under blinded conditions [9].
In the only study to evaluate directly the interaction of caffeine

and Δ9-THC or Δ9-THC+CBD administration, an oral cytochrome
P450 (CYP) probe drug cocktail that included 100 mg of caffeine as
well as varying doses of omeprazole, losartan, dextromethorphan,
and midazolam was administered alone or in combination with
Δ9-THC (20 mg) or Δ9-THC and a high dose of CBD (640mg)
[10, 11]. Participants reported greater subjective drug effects and
drug-induced impairment in the Δ9-THC+CBD+CYP cocktail
condition relative to Δ9-THC+CYP cocktail or CYP cocktail alone.
CBD also increased plasma Cmax for Δ9-THC, its active metabolite
11-OH-Δ9-THC, and its inactive metabolite Δ9-THC-COOH which
may be attributable to pharmacokinetic interactions (e.g.,
increases in the oral bioavailability of Δ9-THC through inhibition
of the efflux transporter p-glycoprotein in the intestine [12, 13];
possible CYP-mediated metabolic interactions). In contrast, CBD
produced only a modest increase in caffeine area under the
plasma curve (AUC), and no change in Cmax. These findings
collectively suggest potential pharmacodynamic and pharmaco-
kinetic interactions involving Δ9-THC, CBD, and caffeine that may
impact drug-induced impairment and risk for misuse.
This double-blind, randomized, placebo-controlled, within-

subject crossover study was designed to build upon extant
findings to evaluate interactions between and/or among Δ9-THC,
CBD, and caffeine at doses representative of commercial
availability using a comprehensive battery of pharmacodynamic
and pharmacokinetic assessments. Participants completed experi-
mental sessions during which Δ9-THC, caffeine, and CBD were co-
administered in a cumulative dosing design. Primary outcomes
included subjective effects indicative of abuse liability (e.g., drug
high), performance effects that underlie safety risk (e.g., simulated
driving), and plasma cannabinoid concentrations. This battery was
selected to inform potential basic behavioral and biological
mechanisms that may underlie the net health impact of this
emerging drug combination.

MATERIALS AND METHODS
Participants
Participants (N= 20 [10 female/10 male]; Agemean= 33, Agerange= 20-52;
BMImean= 25.6, BMIrange= 20.4–31.5) were healthy adults reporting recent
infrequent cannabis use. Participants included 12 identifying as non-
Hispanic White, 5 as non-Hispanic African American, 1 identifying as
Hispanic White, 1 identifying as Hispanic multi-racial, and 1 as Hispanic
with no identified race. No participants reported current tobacco cigarette
use. Primary inclusion criteria were aged 18–55, lifetime cannabis and
caffeine use, no self-reported past month cannabis use and a urine
specimen negative for cannabis use, no self-reported drug use other than
alcohol and nicotine and a negative urine drug test for common illicit
drugs, and no mental health or physical health condition contraindicated
for drug exposure or that would interfere with data collection (see Supple-
mental Materials for detailed criteria). Eligibility criteria were evaluated in a
screening session including an in-person physical exam with clinical
chemistry, hematology, serology, and serum pregnancy test (see
Supplementary Fig. 1 for CONSORT). Informed consent was obtained for
all participants, the protocol was approved by the Johns Hopkins
University School of Medicine Institutional Review Board, and registered
in clinicaltrials.gov (NCT05478863).

General procedures and drugs
Participants completed a screening and four experimental sessions as a
part of this double-blind, randomized, placebo-controlled, within-subject

crossover study. Sessions were separated by at least one week to ensure
sufficient washout. On session days, participants arrived and completed
baseline physiological, subjective, and performance assessments.
Observed urine toxicology was conducted to verify no other drug use
occurred between sessions. Participants were also asked to refrain from
caffeine use the morning of experimental sessions. The four experimental
conditions included orally administered 1) placebo, 2) Δ9-THC only, 3) Δ9-
THC and caffeine, or 4) Δ9-THC, caffeine, and CBD. Doses were 2.5 mg Δ9-
THC (commercially purchased dronabinol), 60 mg caffeine (isolated bulk
powder encapsulated), and 35mg CBD (commercial product in Medium-
Chain Triglycerides [MCT] oil) with matched backfilled capsules or MCT oil
vehicle administered as placebo conditions. Independent laboratory
testing verified that CBD did not contain detectable Δ9-THC or Δ9-
tetrahydrocannabinolic acid (THCA). Each session consisted of three drug
exposures of the assigned dose condition separated by 60min (0, 1, and
2 h) to model estimated real world use of caffeine and cannabis products
(i.e., use over a longer duration that is likely with beverage products and is
better modeled by the cumulative dosing procedure rather than a single
bolus use typical of other edible products). Cumulative doses were
therefore 7.5 mg Δ9-THC, 180mg caffeine, and 105mg CBD. Participants
received a standardized snack (e.g., toast with jam) ~10min prior to each
dosing and a caffeine-free lunch between 4 and 5 h post dosing.
Following initial oral dosing, participants completed physiological,
subjective, and performance assessments at specified intervals (see
Measures for specific timepoints for each measure) for 8 h. Participants
were discharged at 8 h after initial drug administration following a
sobriety and safety assessment.

Measures
Subjective, physiological, and performance effects. A subjective battery was
administered that included a Drug Effect Questionnaire (DEQ), Visual
Analog Mood Scale (VAMS), Mood Rating Scale (MRS), Self-Assessment
Manikin (SAM), and State Trait Inventory-State Form (STAI-S). This analysis
focuses on unipolar VAS ratings from the DEQ commonly used in FDA
Human Abuse Potential assessment [14] and the total anxiety score from
the STAI-S [15]. Vital signs (i.e., heart rate, systolic blood pressure, and
diastolic blood pressure) were measured in a seated position. Psychomotor
function was measured using the forward and backward digit span task
[16], digit symbol substitution task [17], and the DRiving Under the
Influence of Drugs (DRUID)® application (Impairment Science Inc.,
Cambridge, MA) [18]. The DRUID requires users to perform four 30 to
45 s tasks (total time is 2.5 min) which measuring reaction time, decision
making, hand-eye coordination, time estimation, balance, and/or divided
attention. Scores on each of the four tasks are integrated to yield a global
DRUID impairment score. Subjective, physiological, and performance
measures were collected at baseline and 0.5, 1.5, 2.5, 3, 4, 5, 6, and 8 h
after first drug exposure.

Driving performance. Driving performance was measured using the
STISIM Drive® M4000-R Console system [19]. The system includes a fully
interactive virtual reality driving simulator software suite that offers the
driver a 135-degree field-of-view. Participants completed simulated drives
that assessed key aspects of driving that are most affected by acute drug
impairment: divided attention, vigilance, lane position, maintenance of
speed, adherence to traffic laws, maintaining appropriate distance to other
cars, response to unexpected stimuli, and avoidance of collisions.
Programmed driving simulations incorporating all these features were
conducted during each session, with each simulation lasting ~25min [20].
Participants completed a distinct version of the same driving performance
was assessed using a single Global Drive Score (GDS) simulation in each
session to minimize learning effects (as described in ref. [20], the drives
differed based on the order with which tasks were completed and the
specific accident avoidance stimuli encountered but all drives included the
same elements to allow for comparisons across conditions). Overall driving
performance was assessed using a single GDS calculated for each
condition. GDS was derived by comparing participants’ primary and
secondary outcome measures for each condition to the group’s
aggregated placebo session results. Specifically, z-scores were computed
for each condition using the mean and standard deviation of all outcome
measures relative to placebo session data across all participants [20].
Higher GDS indicate poorer driving performance. All driving simulations
were completed at the 3-h time point (i.e., 3 h after first dose
administration; 1 h after final dose). Participants completed a training
drive during screening to acclimate to the driving simulator.
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Pharmacokinetic collection. Serial blood sampling occurred at baseline, 1,
2, 3, 4, 5, 6, and 8 h post initial drug administration. Blood was collected via
an indwelling intravenous catheter inserted prior to the start of their
session. Samples were collected into 6-mL ethylenediaminetetraacetic
acid-containing vacutainer tubes and spun at 1228 × g at 4 °C for 10min to
obtain plasma. Plasma samples were stored at −80 °C and shipped frozen
on dry ice to the University of Colorado for analysis. Concentrations of 17
cannabinoids including Δ9-THC and metabolites (11-OH-Δ9-THC, and Δ9-
THC-COOH), CBD and metabolites (7-OH-CBD and 7-COOH-CBD), and
minor cannabinoids (CBC, CBN, CBG, THCV, and CBDV) as well as caffeine
and metabolites (theobromine, paraxanthine, and theophylline) were
measured using liquid chromatography-tandem mass spectrometry (LC-
MS/MS). Primary analyses were conducted on Δ9-THC and metabolites.
Limits of quantitation were 0.39, 1.56, and 0.78 ng/ml for Δ9-THC, 11-OH-
Δ9-THC, and Δ9-THC-COOH, respectively [21]. Outcomes included max-
imum plasma concentration (Cmax), time to maximum plasma concentra-
tion (tmax), and area under the plasma concentration vs time curve (AUC).
Participants were required to opt-in to the pharmacokinetic component as
well as have adequate venous access for serial collection. Pharmacokinetic
data were collected and analyzed from 8 participants (4 male/4 female).

Data analysis
Maximum change from baseline for subjective, physiological, and perfor-
mance effects were compared by dose condition using linear mixed effect
models with dose condition as a fixed effect and a random intercept to

account for the repeated within-person measurement. Significant omnibus
effects of dose were followed by pairwise comparisons using a false discovery
rate correction with the Benjamini-Hochberg method [22]. Pharmacokinetic
data (i.e., Cmax, Tmax, and AUC) were estimated using a non-compartment
model andwere compared using the samemethod as the pharmacodynamic
outcomes. Sensitivity analyses evaluating the impact of caffeine intake and
between-session variability in caffeine use did not alter results (Supplemental
Materials). Exploratory analyses by participant sex are also included in
the Supplemental Materials. All analyses were conducted using R Statistical
Language with two-tailed tests and family wise error rate of 0.05.

RESULTS
Subjective effects and abuse liability
Descriptive statistics and inferential test statistics for main effects
of Dose for subjective effect measures are summarized in Table 1
with timecourse and peak effects for representative measures
included in Fig. 1. Significant main effects of Dose were observed
for 11 items on the Drug Effect Questionnaire (Drug Effect,
Pleasant Effect, Like Drug, High, Heart Racing, Anxious, Restless,
Hungry/Munchies, Mouth Dry, Eyes Dry/Irritated, Memory Trou-
bles, and Difficulty with Tasks; p values < 0.038). Post-hoc tests
indicated that ratings for the Δ9-THC+Caffeine+CBD combination
condition were significantly higher than all other dose conditions

Table 1. Maximum change from baseline for pharmacodynamic subjective effects.

Measure Placebo Δ9-THC Δ9-THC+Caffeine Δ9-THC+Caffeine+CBD p

Drug effect 14.8 (21.4) 39.3 (26.4) 47.0 (25.9) 60.1 (28.9) <0.001

Unpleasant 5.2 (20.1) 10.3 (17.7) 15.2 (21.4) 18.5 (25) 0.140

Pleasant 17.7 (28.2) 46.7 (32) 51.6 (29.8) 56.2 (30.5) <0.001

Like drug 15.1 (23.3) 45.3 (30.8) 52.3 (30) 50.5 (34.3) <0.001

High 7.4 (11.4) 38.3 (25.5) 41.1 (28.7) 57.7 (24.9) <0.001

Sick 1.1 (2.4) 5.3 (11) 7.2 (12.7) 10.3 (20.9) 0.072

Heart racing 0.6 (2.1) 6.4 (9.9) 9.4 (13.1) 14.5 (17.7) 0.002

Anxious 0.1 (0.2) 6.4 (12.9) 10.9 (16.8) 9.9 (14.3) 0.015

Relaxed 9.4 (16.5) 23.9 (28.4) 20.3 (26.5) 18.8 (26.4) 0.172

Paranoid 0.5 (2) 6 (14.1) 6.6 (16) 10.9 (19.9) 0.106

Sleepy 23.9 (29) 38.5 (31.4) 29.1 (30.6) 39.1 (27.2) 0.088

Alert 9 (25.2) −1.6 (17.3) 5.3 (23.3) 7.7 (25.3) 0.442

Irritable 1 (5.9) 4.5 (12.3) 4.4 (10.3) 3.6 (8.8) 0.389

Vigorous/motivated 2.8 (18.7) 4.6 (22.5) 11 (24.3) 13.9 (24.2) 0.361

Restless 2.8 (11.9) 9.7 (16.3) 13.3 (20.9) 20.2 (20.6) 0.007

Hungry/munchies 4.5 (20) 33.7 (32.2) 22.4 (31) 30.0 (36.7) 0.005

Mouth dry 4.3 (11.1) 19.2 (21.8) 15.5 (15.7) 34.7 (27.3) <0.001

Eyes dry/irritated 3.5 (10.1) 9.7 (17.6) 5.8 (17) 14 (17.2) 0.038

Memory trouble 3.4 (10.4) 11.3 (14) 12.9 (17.2) 19.9 (22.9) <0.001

Irritated throat 2.7 (9.9) 6.6 (14) 4.1 (6.5) 12.4 (23.3) 0.108

Difficulty with tasks 4.3 (13.5) 16 (15.6) 18.1 (21.3) 29.3 (21.6) <0.001

Happy 5.7 (13.3) 11.6 (21.4) 14.6 (23.1) 17.5 (23.2) 0.224

Sad 2.6 (8.6) 3.3 (9.6) 4.8 (14.6) 6 (12.7) 0.707

Confidence to drive −22.1 (29.3) −58.2 (37.9) −47.9 (41.8) −63.7 (33.1) <0.001

Willingness to drive −25.6 (35.8) −69.7 (37.1) −52.8 (43.8) −76.7 (35) <0.001

STAI (State) 2.6 (3.9) 7.9 (8.2) 8.1 (5) 9.1 (9.9) 0.023

Values are Mean (SD) peak change from baseline. Values for Confidence to Drive and Willingness to Drive are maximum decrease. Values for all measures but
STAI are measured on a 0–100 visual analog scale. p values are for the main effect of dose. Post-hoc tests were conducted for significant main effects using a
false discovery rate correction.
Bold values are significantly different from placebo.
Italicized values are significantly different from Δ9-THC only.
Underline values are significantly different from Δ9-THC + Caffeine.
STAI State-Trait Anxiety Inventory.
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for four items (High, Memory Troubles, Difficulty Concentrating,
and Dry Mouth pcorrected values <0.048) and significantly higher
than Δ9-THC and placebo for ratings of Heart Racing (pcorrected=
0.042). There was also a significant main effect of Dose on the
STAI reflecting higher anxiety in all three active drug conditions
relative to placebo (p= 0.023).

Physiological effects
Supplementary Fig. 2 includes timecourse and peak effect data for
heart rate and blood pressure readings. A main effect of dose was
observed for heart rate (p= 0.045) and systolic blood pressure
(p= 0.017). Pairwise comparisons for heart rate indicated that the
Δ9-THC+Caffeine+CBD combination condition was the only condi-
tion with significantly elevated peak heart rate relative to placebo
(pcorrected= 0.035). Pairwise comparisons for systolic blood pressure
indicated that the Δ9-THC-Caffeine combination condition had

significantly elevated peak systolic blood pressure relative to
placebo (pcorrected= 0.019) and Δ9-THC alone (pcorrected= 0.019).

Performance effects
No main effects for the DSST (p= 0.53), forward digit span
(p= 0.99), and backward digit span (p= 0.09) emerged. A
significant main effect of dose was observed for DRUID
performance (p= 0.003; Fig. 2). Pairwise comparisons for the
DRUID indicated that the Δ9-THC+Caffeine+CBD dose combina-
tion was associated with significantly worse performance on the
DRUID relative to placebo (pcorrected= 0.001). Significant main
effects were also observed for subjective confidence to drive
(p < 0.001) and willingness to drive (p < 0.001) (Table 1 and Fig. 2)
such that confidence and willingness to drive decreased for all
active dose conditions relative to placebo; the maximum decrease
in the Δ9-THC+Caffeine+CBD combination condition was greater

Fig. 1 Timecourse and peak effects for subjective effects. Presented are timecourse (left panels) and peak effect (right panels) data for
prototypic subjective effects. Data are presented as mean with standard error of the mean. Individual subject data are included in peak effect
panels.
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than the Δ9-THC-Caffeine condition. No main effect of dose on the
Global Drive Score (GDS) for simulated driving ability emerged
(p= 0.29; Supplementary Fig. 3).

Pharmacokinetics
Table 2 includes a summary of pharmacokinetic outcomes for Δ9-
THC, CBD, and caffeine parent compounds and metabolites and
Fig. 3 includes timecourse and Cmax values for Δ9-THC and
metabolites. For Cmax values, significant main effects of Dose were
observed for the metabolites 11-OH-Δ9-THC (p= 0.001) and Δ9-
THC-COOH (p= 0.002), but not the parent compound Δ9-THC
(p= 0.13). Cmax values for 11-OH-Δ9-THC and Δ9-THC-COOH were
both elevated after Δ9-THC+Caffeine+CBD administration relative
to Δ9-THC alone and Δ9-THC+Caffeine (pcorrected values <0.006)
with no differences between Δ9-THC alone and Δ9-THC+Caffeine

(pcorrected > 0.41). No significant differences were observed in tmax

for Δ9-THC, 11-OH-Δ9-THC, or Δ9-THC-COOH (p > 0.44). Significant
main effects of Dose were observed for Δ9-THC (p= 0.003), 11-
OH-Δ9-THC (p < 0.001), and Δ9-THC-COOH (p < 0.001) AUC values.
AUC values for Δ9-THC, 11-OH-Δ9-THC, and Δ9-THC-COOH were
elevated for Δ9-THC+Caffeine+CBD relative to Δ9-THC alone and
Δ9-THC+Caffeine (pcorrected values <0.009) with no differences
between Δ9-THC alone and Δ9-THC+Caffeine (pcorrected > 0.50). No
significant effects were observed for pharmacokinetic outcomes
for caffeine and metabolites (see Supplementary Fig. 4).

DISCUSSION
This study evaluated the effect of combinations of commercially
relevant doses ofΔ9-THC, CBD, and caffeine on key pharmacodynamic

Fig. 2 Timecourse and peak effects for performance effects. Presented are timecourse (left panels) and peak effect (right panels) data for
prototypic performance effects. Data are presented as mean with standard error of the mean. Individual subject data are included in peak
effect panels.
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and pharmacokinetic outcomes underlying misuse potential and
performance effects. Caffeine co-administration produced minimal
changes in the pharmacodynamic and pharmacokinetic effects of Δ9-
THC. CBD, when co-administered with Δ9-THC and caffeine, enhanced
subjective measures related to abuse liability (e.g., drug high) and
drug-induced impairment. Although these findings should be
interpreted with caution given the smaller sample size of the
pharmacokinetic sample, CBD co-administration produced increases
in the systemic exposure (AUC) of Δ9-THC and its active metabolite
11-OH-Δ9-THC. These data provide the first direct assessment of the
pharmacodynamic and pharmacokinetic effects of Δ9-THC and
caffeine when co-administered in humans and further inform the
interaction of constituent cannabinoids with each other and common
drug products.
To date, only one study has evaluated Δ9-THC and caffeine in a

human laboratory setting, doing so in the context of a CYP cocktail
involving other psychoactive substances and without evaluating

Δ9-THC and caffeine when administered alone [11]. Here we
found that caffeine co-administered with Δ9-THC did not produce
significant changes in subjective drug effects or performance
effects relative to Δ9-THC administered alone, although it did
partly mitigate the orexigenic effect of Δ9-THC (Table 1). This is
partly inconsistent with a prior preclinical report showing that
caffeine enhanced Δ9-THC-induced memory impairment,
although that effect was selective to the highest caffeine dose
tested (10 mg/kg IP) in that study [2]. We also did not observe
robust changes in Δ9-THC pharmacokinetics with the addition of
caffeine. These findings collectively suggest that caffeine adminis-
tered in doses representative of common retail cannabis and
caffeine products does not markedly alter the pharmacodynamic
or pharmacokinetic effects of Δ9-THC.
In contrast, CBD significantly altered Δ9-THC-induced subjective

effects and impairment compared to Δ9-THC administered in
isolation and in combination with caffeine. These findings are

Table 2. Pharmacokinetic outcomes for Δ9-THC, CBD, and caffeine parent compound and metabolites.

Δ9-THC

Cmax (ng/mL) (Range) Tmax (h) (Range) AUC (Range)

Placebo ND ND ND

Δ9-THC 2.1 (0.7–6.2) 4.6 (3–6) 4.6 (2.4–10.3)

Δ9-THC+Caffeine 2.6 (1–5.6) 5.1 (2–8) 5.1 (1.7–8.9)

Δ9-THC+Caffeine+CBD 3.1 (1.8–6.2) 4.5 (2–6) 7.4 (3.8–11.3)

11-OH-Δ9-THC

Placebo ND ND ND

Δ9-THC 2.4 (0–4.2) 4.6 (2–8) 7.1 (0–13.5)

Δ9-THC+Caffeine 2.9 (0–6.2) 5.0 (3–8) 6.9 (0–13.4)

Δ9-THC+Caffeine+CBD 5.6 (3.1–12.3) 5.0 (4–6) 16.3 (6.4–25.2)

Δ9-THC-COOH

Placebo ND ND ND

Δ9-THC 18.5 (6.1–35.3) 4.8 (3–8) 63.8 (21.1–122.7)

Δ9-THC+Caffeine 22.5 (9.1–44.4) 5.0 (4–8) 68.4 (25.9–142.2)

Δ9-THC+Caffeine+CBD 38.5 (12.4–91.6) 5.1 (4–6) 114.2 (29.6–200.7)

Caffeine

Placebo 637.9 (152.9–1149.9) Baseline Only 2834.8 (703.8–5169.9)

Δ9-THC 737.5 (48.8–1840.9) Baseline Only 3291.2 (171.8–8251.5)

Δ9-THC+Caffeine 3983.3 (2403.1–5823.8) 3.2 (3–4) 18625.1 (10790.7–29470.8)

Δ9-THC+Caffeine+CBD 4323.7 (2881.3–6206.5) 3.1 (3–4) 20664.5 (13484.2–31282.1)

Theobromine

Placebo 856.6 (172.7–2707.8) 3.5 (1–6) 4251.6 (934.2–13909.7)

Δ9-THC 1127.0 (108.4–2082.8) 1.5 (1–2) 5527.1 (647.9–10354.6)

Δ9-THC+Caffeine 842.8 (377.8–1567.7) 5.5 (1–8) 4285.9 (1661.1–8556)

Δ9-THC+Caffeine+CBD 677.7 (206.5–1989.3) 5.8 (2–8) 3881.4 (760.5–11281.2)

Paraxanthine

Placebo 980.7 (187.3–1747.9) Baseline Only 4719.6 (923.4–8744.7)

Δ9-THC 1025.3 (142.2–2199.7) 1.0 (1–1) 4766.4 (525.1–10196.3)

Δ9-THC+Caffeine 1639.6 (1131.2–2491.3) 6.2 (4–8) 8508.7 (5680.3–15262)

Δ9-THC+Caffeine+CBD 1891.3 (1131.4–2876.8) 5.8 (4–8) 10310.7 (3890–17646.3)

Theophylline

Placebo 247.4 (63.4–409.3) Baseline Only 1282.8 (334.4–2183.9)

Δ9-THC 269.2 (43.3–552.9) 1.0 (1–1) 1362.6 (173.4–2742.6)

Δ9-THC+Caffeine 370.7 (213.3–598.8) 6.0 (4–8) 2031.9 (1018.7–3777.5)

Δ9-THC+Caffeine+CBD 440.0 (226.4–685.5) 5.9 (4–8) 2408.9 (786.2–4257.6)

Baseline Only values that had their highest concentrations at baseline in all participants and were unaffected by drug administration, ND Not Detected.
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consistent with our prior work which demonstrated a significant
increases in plasma concentrations of Δ9-THC and its active
metabolite 11-OH-Δ9-THC [11]. Data are also consistent with a
recent independent study showing that 450 mg of CBD enhanced
the subjective effects of Δ9-THC (9 mg oral) as well as increased
plasma 11-OH-Δ9-THC concentrations [23]. The current findings
extend previous work by showing that similar pharmacokinetic
interactions may occur at doses more representative of commer-
cial CBD products (i.e., 35 mg/dose; 105mg cumulative). It is
relevant to note that these differences have not been observed
with inhaled routes of administration (e.g., vaporized). For
example, a recent study in patients with schizophrenia found
that 1000mg of CBD did not alter plasma concentrations of
vaporized Δ9-THC (20–60mg) or its metabolites [24]. These

differences suggest an interaction specific to oral dosing (e.g.,
increases in the oral bioavailability of Δ9-THC through inhibition of
the efflux transporter p-glycoprotein in the intestine [12, 13]).
Meta-analysis of human laboratory data has also shown that

CBD, when administered alone, produces minimal acute perfor-
mance effects (omnibus effect Hedges’ g= 0.12, primarily
subjective sedation) and even smaller effects when considering
only objective measures of impairment (Hedges’ g= 0.05) [25].
Our design did not allow for direct observation of the
independent contribution of CBD given the lack of a Δ9-THC
and CBD or CBD alone condition. However, these meta-analytic
findings reinforce that the effects observed here are not likely
attributable to a direct effect of CBD. Instead, pharmacokinetic
interactions with Δ9-THC and its active metabolite 11-OH-Δ9-THC

Fig. 3 Timecourse and peak effects (Cmax) for plasma Δ9-THC and metabolites. Presented are timecourse (left panels) and peak effect
(right panels) data for Δ9-THC and its metabolites. Data are presented as mean with standard error of the mean. Individual subject data are
included in peak effect panels.
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may underlie an enhanced Δ9-THC-induced subjective effect and
impairment—a drug-drug interaction also hypothesized to under-
lie other aversive effects of CBD including CBD-associated
hepatotoxicity [26]. Additional studies may benefit from dose-
manipulations of CBD and caffeine combinations to further clarify
the isolated and interactive effects on pharmacodynamic and
pharmacokinetic effects.
From a public health perspective, the emergence of cannabis

and caffeine containing products poses regulatory questions
similar to those previously presented following the emergence of
premixed caffeine-enhanced alcohol beverages (e.g., Four Loko)
[27, 28]. We found that caffeine in this dose range and when
administered without other common supplements often present
in premixed products (e.g., taurine) did not robustly alter Δ9-THC-
induced effects. On balance, these findings somewhat lessen
emergent concerns regarding the potential risks of premixed
cannabis and caffeine products; however, we found no evidence
that caffeine could mitigate other Δ9-THC-induced effects typically
included in marketing claims. We also observed a trend for less
reduction in perceived willingness to drive in the Δ9-THC-Caffeine
condition relative to Δ9-THC alone (pcorrected= .07; d= 0.62; Fig. 2
bottom-right panel) despite similarities in objective decreases in
performance (peak DRUID score; pcorrected= .89, d= 0.05; Fig. 2
upper-right panel). These findings suggest potentially a greater
wiliness to drive in contrast to the similarities in objective driving
outcomes which requires closer follow-up investigation. As noted
above, the addition of CBD also enhanced Δ9-THC-induced
impairment suggesting that products containing CBD may
produce functionally greater impact than expected for consumers.
Extensions of this work to include broader dose ranges as well as
other additives likely for this emergent product class (e.g., B
vitamins) are needed.
Other design considerations provide additional directions for

future work to inform the basic and applied implications of
cannabis and caffeine combinations. We elected to use a
cumulative dosing procedure in which participants administered
3 doses over a two-hour period. This design decision while chosen
to improve ecological validity based on the expected use profile of
beverage products common in the retail market may result in
different outcomes than bolus dosing typically used in laboratory
settings. We also chose doses in a range representative of many
retail products that include Δ9-THC, CBD, and/or caffeine (e.g.,
60 mg caffeine is approximately equivalent to a single shot of
espresso or small cup of coffee). Products that include higher
doses as well as those that are expected to be administered as a
bolus dose (e.g., energy shots) mean that these alternative doses
and schedules should be evaluated to determine impact on
pharmacodynamic and pharmacokinetic outcomes. We also
focused on specific drug combinations rather than testing the
full factorial of products. This design decision was made to
maximize comparisons of interest while minimizing participant
burden and carryover effects that can occur with repeated testing.
Further expansion to test reciprocal influences at the alternative
dose ranges and regimens noted above is also needed.
We also did not closely control caffeine use outside of

experimental sessions resulting in variability in use and baseline
caffeine levels. Nonetheless, sensitivity analyses did not indicate a
substantive influence of caffeine use and supported the fidelity of
pre-session caffeine abstinence. The consistency of the observed
pharmacokinetic effects (e.g., the increase in AUC values were
observed for all 8 participants) helps support the observed
findings, however, the sample size was small so these should still
be replicated in future studies. Larger pharmacokinetic samples
will also allow for analyses of the association of changes in drug
concentrations and behavioral effects to further evaluate this
hypothesized pharmacokinetic mechanism for the observed
behavioral effects. One strength of this study was the use of a
simulated driving approach in addition to laboratory assessments

of performance; however, this driving assessment was at a
timepoint (i.e., 3 hours) that occurred prior to maximum drug
effect and plasma concentrations. Evaluation of driving impair-
ment at additional timepoints in future work would further inform
real-world risk assessment.
Collectively, these findings contribute to understanding how

cannabinoids interact with commonly available drugs to alter
pharmacodynamic and pharmacokinetic outcomes. In this first
direct evaluation of Δ9-THC and caffeine interactions in human
participants, we did not observe marked changes in Δ9-THC-
induced effects but did observe signals for possible alterations in
perceived impairment that require follow up. In contrast, the
robust alteration of Δ9-THC-induced effects and Δ9-THC metabo-
lism by CBD when combined with caffeine emphasizes the
importance of considering the full cannabinoid profile and
possible impacts on functional dose delivered. More broadly,
these data highlight the importance of considering drug
combinations in cannabis regulatory decision-making. Develop-
ment of public health messaging to describe these potential
impacts of CBD on Δ9-THC is needed to ensure adequate
understanding of risk.
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