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Abstract
Introduction: Minor cannabinoids are increasingly being consumed in oral formulations (i.e., edibles, tinctures)
for medical and nonmedical purposes. This study examined the pharmacokinetics (PKs) of cannabinoids tetrahy-
drocannabivarin (THCV), cannabichromene (CBC), cannabinol (CBN), and delta-8-tetrahydrocannabinol (D8-THC)
after the first and last oral dose during a 14-day administration period.
Materials and Methods: Sprague-Dawley rats (N = 6 animals/dose, 50% female) were given an assigned dose of
one of four cannabinoids (THCV = 3.2–100 mg/kg, CBC = 3.2–100 mg/kg, CBN = 1–100 mg/kg, or D8-THC = 0.32–
10 mg/kg) or vehicle (medium-chain triglyceride oil) through oral gavage once daily for 14 days. Blood was
collected 45 min and 1.5, 3, and 24 h following the first dose (day 1) and the last dose (day 14) of repeated
oral cannabinoid treatment for PK analysis. Outcomes of interest included time to maximum concentration
(Tmax), maximum concentration (Cmax), and area under the concentration versus time curve (AUClast). Dose-
normalized (DN) Cmax and DN AUClast were also calculated. Brain tissue was collected 24 h post-administration
of the first (day 1) and the last (day 14) dose of each cannabinoid to determine concentrations in brain.
Results: All cannabinoids tested were detectable in plasma after single and 14-day repeated dosing. DN Cmax

and DN AUClast were highest for D8-THC, followed by CBC, CBN, and THCV. There was no sex difference observed
in cannabinoid kinetics. Accumulation of D8-THC in plasma was observed after 14 days of administration. THCV
levels in plasma were lower on day 14 compared to day 1, indicating potential adaptation of metabolic pathways
and increased drug elimination. Cannabinoids were detected in brain tissue 24 h post-administration of the first
and the last dose of 17–100 mg/kg THCV, 3.2–100 mg/kg CBC, 10–100 mg/kg CBN, and 10 mg/kg D8-THC.
Conclusions: THCV, CBC, CBN, and D8-THC produced detectable levels in plasma and translocated to brain tissue
after the first dose (day 1) and the last dose (day 14) of repeated oral dosing. Examination of PKs of these minor
cannabinoids in blood and brain provides a critical step for informing target dose ranges and dosing schedules
in future studies that evaluate the potential effects of these compounds.

Keywords: cannabinoids; pharmacokinetics; tetrahydrocannabivarin; cannabichromene; cannabinol; delta-8-
tetrahydrocannabinol

Introduction
The Cannabis sativa L. plant includes a broad range of
varieties ranging from ‘‘cannabis’’ (Indica type, Sativa
type, and other hybrids) to hemp (defined as < 0.03%
of D9-tetrahydrocannabinol [D9-THC] by weight).1,2

Cannabis is often categorized as D9-THC dominant

or cannabidiol (CBD) dominant, but it also contains
other ‘‘minor’’ cannabinoids with unique pharmacolog-
ical properties. These phytocannabinoids are often at
lower levels than D9-THC and CBD in cannabis
whole plant and/or extracts. The majority of states in
the United States have enacted laws allowing the use
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of cannabis for medical or recreational purposes, and in
2018, hemp was removed from the Drug Enforcement
Administration controlled substances list. As a result,
there is a growing market for minor cannabinoids
other than D9-THC. Selective breeding techniques
have enabled cannabis varieties enriched for minor
cannabinoids,3,4 and minor cannabinoids can be ext-
racted for use as concentrates/isolates.

Cannabinol (CBN), produced from the oxidation of
D9-THC, is present in higher quantities in aged canna-
bis. Further, additional cannabinoids can be artificially
synthesized or semisynthesized from more abun-
dant phytocannabinoids; delta-8-tetrahydrocannabinol
(D8-THC), for example, is a naturally occurring isomer
of D9-THC present in low levels in cannabis, but can
be efficiently synthesized from hemp-derived CBD.
These minor cannabinoids are often sold in formula-
tions for oral consumption (e.g., ‘‘edibles,’’ tinctures,
oils),5 and promoted for medical use and other health
benefits.

Sparse research indicates certain minor cannabi-
noids may have therapeutic potential for pain relief,
improved mood, attention, and focus, reduction of anx-
iety, appetite and weight control, or alternatively, appe-
tite stimulation and weight maintenance.6–11 However,
empirical data on the pharmacological effects of canna-
binoids other than D9-THC and CBD are very limited.

Oral cannabinoid formulations that permit accurate
dosing and reduce potential harmful effects associated
with smoking/vape inhalation are approved by the U.S.
Food and Drug Administration (FDA). For example,
the FDA has approved oral formulations of synthetic
D9-THC (e.g., dronabinol and nabilone, Marinol and
Cesamet, respectively), and a pharmaceutical grade,
hemp-derived CBD (Epidiolex) for the treatment of
specific disorders. With oral routes of administration,
absorption is slower, and there is typically a lower
and more delayed peak of concentrations in blood.12

Cannabinoids taken orally also show slower elimina-
tion rates and longer duration of effects in comparison
to those consumed by smoking or vaping.13,14

Minor cannabinoids tetrahydrocannabivarin (THCV),
cannabichromene (CBC), CBN, and D8-THC each
have a unique, and often complex, pharmacological
profile with activity at the cannabinoid type 1 (CB1R)
and/or cannabinoid type 2 receptors (CB2R), as well
as other receptors within the central and peripheral
nervous systems.15 THCV is a homolog of D9-THC,
with reported dose-dependent pharmacological activity
as a CB1R antagonist and a CB2R partial agonist.16–18

CBC is a CB2R-selective agonist, and like D9-THC,
also interacts with the transient receptor potential
vanilloid 1 receptor.19 CBN is formed as an oxidation
product of THC secondary to light/heat exposure,
and is present in highest concentrations in aged canna-
bis (later harvest). It is a CB1R/CB2R partial agonist
with lower efficacy than THC.20 D8-THC is an isomer
of D9-THC and appears to have similar pharmaco-
logical properties.21,22

In humans, some minor cannabinoids (e.g., CBN
and D8-THC) have reported subjective effects when
administered alone,23–25 although data are mixed,26

while other minor cannabinoids (e.g., THCV, CBC)
may not have subjective effects on their own,27

although they may modulate the effects of other can-
nabinoids, such as THC.27,28 This study examined
the oral pharmacokinetics (PKs) of THCV, CBC,
CBN, and D8-THC in rat plasma and brain after 14
days of oral administrations of a range of doses. Evalu-
ation of the oral PKs of these minor cannabinoids is
a critical step for informing target dose ranges and
dosing schedules in future studies that evaluate their
potential effects.

Materials and Methods
Subjects
Sprague-Dawley rats (N = 276; 50% female) were 7–13
weeks old (170–370 g) upon study start. Food (Teklad
Certified Global Diet 2016; Envigo, Madison, WI)
and water were available ad libitum in the home
cage. All animal work was conducted in Lovelace
Biomedical animal research facilities, which are fully
accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care. This study
(institutional protocol No. FY21–110) complied with
all applicable sections of the Final Rules of the Animal
Welfare Act regulations and the Guide for the Care and
Use of Laboratory Animals.29

Drugs
THCV, CBC, CBN, and D8-THC isolates were pro-
vided by Canopy Growth Corporation. Cannabinoid
isolates were in liquid form and were mixed in
medium-chain triglyceride (MCT) oil and adminis-
tered to animals at 1 mL/kg through oral gavage.
Purities of compounds were as follows: THCV
(25.1% D8-THCV, 77.5% D9-THCV), CBN (99.9%),
and D8-THC (98.68%). Total dose of each cannabinoid
was adjusted for purity. All cannabinoid formula-
tions were analyzed with gas chromatography–mass
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spectrometry for stability over 14 days. Briefly, five to
six replicates of individual cannabinoid formulations
were analyzed at the time of preparation and after 14
days using an Agilent 4890B paired with an Agilent
5977B mass spectrometer.

All formulations were verified to be within – 10% of
their initial concentrations on day 14 of stability testing
(Supplementary Data S1, Supplementary Table S1).
Dose selection for CBC, CBN, and THCV was infor-
med by available CBD data (doses £ 150 mg/kg/day
CBD)30 and previous toxicology work with oral canna-
bigerol (CBG) (doses £ 140 mg/kg/dose) [submitted to
Cannabis and Cannabinoid Research].31 Doses chosen
for D8-THC were lower, as selection was informed by
available D9-THC data, given their similar effects in
pre-clinical models and binding activities in vitro.21 A
range of doses were selected to derive a full dose–
response curve. Further, we targeted dose ranges
encompassing currently marketed over-the-counter
hemp ( < 0.3% D9-THC w/w) products.

Experimental design
Animals were randomized into groups (N = 6/dose)
and given one of four cannabinoids (THCV, CBC,
CBN, or D8-THC) or vehicle (MCT oil) through oral
gavage. Each rat received only one dose of THCV
(3.2, 10, 17, 22, 32, or 100 mg/kg), CBC (3.2, 10, 17,
22, 32, or 100 mg/kg), CBN (1, 3.2, 10, 17, 32, or
100 mg/kg), or D8-THC (0.32, 1, 3.2, or 10 mg/kg) or
vehicle for either one day (single-dose group) or daily
for 14 days (repeated-dose group).

Blood collections were performed on day 1, immedi-
ately after the first-dose administration, or on day 14,
after 14 consecutive daily doses. These animals had
nonterminal blood collections from the jugular vein
under anesthesia at 45 – 5, 90 – 5, and 180 – 5 min from
treatment administration on day 1 or day 14. At sched-
uled necropsy (24 h post-dosing), animals were eutha-
nized by intraperitoneal injection of an overdose of a
barbiturate-based sedative. Terminal blood was then
collected through cardiac puncture at 24 h – 5 min post-
dosing. Brain tissue was also collected at this time.

Blood samples (0.5 – 0.05 mL for nonterminal samples
and 1.0 – 0.05 mL for terminal samples) were processed
with tripotassium ethylenediaminetetraacetic acid
(K3EDTA) to plasma by centrifugation (1300 g, 2–8�C,
10 min). Plasma and brain samples were stored at
�80�C until analysis. Samples were analyzed for
THCV, CBC, CBN, or D8-THC through liquid chroma-
tography–mass spectrometry using methods developed

at Lovelace Biomedical as described.32 Briefly, all plasma
and homogenized brain tissue samples from orally dosed
animals were analyzed using a Sciex API 4000 paired
with a Waters Acquity H-Class Ultra Performance
Liquid Chromatography (quantification range = 4–
2000 ng/mL). Refer to the Supplementary Data S2 and
S3 for detailed methods and validation, respectively.

Data analysis
PK data were analyzed using a standard noncompart-
mental method with validated WinNonlin software
(Phoenix; Pharsight Corporation, Mountain View,
CA) with a noncompartmental analysis (NCA) consis-
tent with the route of administration (extravascular
model) for each subject. NCA was only performed if
there were quantifiable concentrations at two consecu-
tive time points. Concentration values that were below
the quantification limit (BQL) of 0.250 or 1 ng/mL for
plasma and brain, respectively, were recorded, but
excluded from calculations of descriptive statistics and
PK analysis.

In addition, two blood samples for day 1 (one male,
22 mg/kg THCV at 3 h and one male, 100 mg/kg
THCV at 24 h) and three blood samples for day 14
(one male, 1 mg/kg D8-THC at 1.5, 3, and 24 h) could
not be analyzed due to insufficient quantity. Blood
plasma samples from all (N = 3) females from the
14-day repeated dosing of 17 mg/kg THCV group
were identified as outliers and removed from fur-
ther analysis: a majority of these samples (9/12) were
BQL and the quantifiable samples were very low
( < 0.29 ng/mL) compared with males (average of
24.9 ng/mL) at the same time points.

Arithmetic mean and standard deviation of canna-
binoid concentrations in plasma were calculated for
each sex, drug/dose group, and time point after the
first dose of THCV, CBC, CBN, and D8-THC on day
1 and after 14 days of dosing. The area under the
concentration-time curve (AUClast) for each subject
from time zero (immediately after drug administra-
tion) to the time point at which the last quantifiable
concentration was observed was calculated with the lin-
ear up log down interpolation method.

Parameters were estimated for time of maximum
observed concentration (Tmax), dose-normalized
(DN) AUClast, the maximum observed concentration
(Cmax), and DN Cmax. The terminal elimination phase
of each concentration versus time curve was identified
using at least the final three observed concentration
values. The slope of the terminal elimination phase
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was determined using log regression with uniform
weighting. Parameters derived from the terminal elim-
ination phase were reported if they passed the reporting
criteria: the coefficient of determination (R2) was ‡ 0.8
and the extrapolation of the AUC to infinity was £ 20%
of the total area (see Table 1 for all definitions of PK pa-
rameters calculated).

Dose-proportionality analysis was calculated in
Phoenix by using a general linear model for each treat-
ment to check for the relationship between the average
of DN AUClast and DN Cmax values with numerical
dose after the first (day 1) and last (day 14) dose of
repeated administration. Parameters were considered

to have a dose-proportional relationship across the
dose range tested if p > 0.05; if p £ 0.05, then that
parameter was considered to have a less than dose-
proportional relationship (if the estimate in the model
was < 0) or greater than dose-proportional relationship
(if the estimate in the model was > 0).

To evaluate potential accumulation across the 14-
day dosing period, accumulation ratios were calculated
by dividing group means of AUClast and Cmax for day
14 by the same parameters for day 1. Male:female ratios
were calculated for exploratory purposes by dividing
group means of AUClast and Cmax for male animals
by the same parameters for female animals.

Results
Single (day 1)-dose pharmacokinetics
PK parameters after oral administration of cannabi-
noids are summarized in Table 2. All cannabinoids
were detectable in plasma at the first time point
(45 min) following the first oral dose (Fig. 1; day 1).
Time of maximal concentration (Tmax) was between
1.5 and 3 h for each cannabinoid tested. On average,
Tmax for D8-THC was longest, followed by CBC and
CBN, and was shortest for THCV. Cmax and AUClast

were highest for CBC-treated animals. However,

Table 1. Definitions of Pharmacokinetic Parameters

Parameter
abbreviation Parameter description

Tmax The time of the maximum observed concentration.
Cmax The maximum observed concentration.
Cmax/dose

or DN Cmax

The dose-normalized Cmax.

AUClast The area under the concentration versus time
curve from time zero to the time at which
the last quantifiable concentration was observed.

AUClast/dose
or DN AUClast

The dose-normalized AUClast.

t1/2 The terminal elimination half-life.
BQL Below lower quantification limit.

Table 2. Summary Pharmacokinetic Parameters for Cannabinoids in Rat Plasma After Oral Administration of a Single Dose
(Day 1) of Tetrahydrocannabivarin, Cannabichromene, Cannabinol, or Delta-8-Tetrahydrocannabinol

Treatment
Dose

(mg/kg)

Day 1

Tmax (h) Cmax (ng/mL) Cmax/dose (kg$ng/mL/mg) AUClast (h$ng/mL) AUClast/dose (h$kg$ng/mL/mg)

Median Mean SD Mean SD Mean SD Mean SD

THCV 3.2 1.5 3.85 (1.7) 1.20 (0.5) 7.41 (3.1) 2.31 (1.0)
10 1.23 17.40 (5.3) 1.74 (0.5) 32.99 (10.4) 3.30 (1.0)
17 1.5 38.05 (14.5) 2.24 (0.9) 73.26 (25.5) 4.31 (1.5)
22 1.5 61.43 (34.3) 2.79 (1.6) 282.47 (240.7) 12.84 (10.9)
32 1.5 87.70 (38.1) 2.74 (1.2) 458.48 (170.0) 14.33 (5.3)

100 2.25 193.38 (138.2) 1.93 (1.4) 1362.40 (1015.4) 13.62 (10.2)
CBC 3.2 2.25 29.72 (11.6) 9.29 (3.6) 59.56 (28.7) 18.61 (9.0)

10 1.5 58.35 (22.2) 5.84 (2.2) 301.42 (146.2) 30.14 (14.6)
17 2.25 92.22 (32.5) 5.42 (1.9) 565.83 (247.3) 33.28 (14.5)
22 3 123.12 (48.0) 5.60 (2.2) 762.01 (248.3) 34.64 (11.3)
32 2.25 207.67 (58.7) 6.49 (1.8) 1236.72 (274.9) 38.65 (8.6)

100 1.5 448.33 (139.4) 4.48 (1.4) 2376.14 (1145.3) 23.76 (11.5)
CBN 1 1.5 4.45 (1.2) 4.45 (1.2) 7.21 (2.0) 7.21 (2.0)

3.2 1.5 13.82 (6.5) 4.32 (2.0) 23.03 (7.3) 7.20 (2.3)
10 1.5 34.58 (11.7) 3.46 (1.2) 72.12 (28.0) 7.21 (2.8)
17 3 77.97 (23.8) 4.59 (1.4) 489.22 (154.2) 28.78 (9.1)
32 2.25 81.05 (22.8) 2.53 (0.7) 482.71 (118.3) 15.08 (3.7)

100 1.5 207.33 (83.7) 2.07 (0.8) 1377.37 (559.2) 13.77 (5.6)
D8-THC 0.32 1.5 1.96 (0.7) 6.11 (2.3) 3.67 (1.2) 11.48 (3.7)

1 3 9.31 (1.7) 9.31 (1.7) 15.62 (4.6) 15.62 (4.6)
3.2 3 27.82 (8.1) 8.69 (2.5) 84.75 (101.3) 26.48 (31.6)

10 3 149.15 (52.1) 14.92 (5.2) 1025.25 (279.3) 102.52 (27.9)

N = 6 samples per group.
CBC, cannabichromene; CBN, cannabinol; D8-THC, delta-8-tetrahydrocannabinol; SD, standard deviation; THCV, tetrahydrocannabivarin.
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D8-THC had higher DN Cmax and DN AUClast com-
pared to any other cannabinoid, followed by CBC,
CBN, and THCV.

After 24 h, CBC concentrations were still quantifi-
able for most animals (3.2–100 mg/kg), but THCV,
CBN, and D8-THC concentrations were only quantifi-

able at 24 h in animals in the higher dose groups (22–
100 mg/kg for THCV, 17–100 mg/kg for CBN, and
10 mg/kg for D8-THC). On day 1, t1/2 values were
able to be estimated and passed reporting criteria for
only a few animals dosed with CBC and CBN at higher
doses; t1/2 values ranged from 3.34 to 4.52 h.
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FIG. 1. Semilog plot of cannabinoid concentrations in rat plasma following the first dose (day 1) or
14 consecutive daily doses (day 14). Data are mean – standard deviation.
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Dose proportionality was assessed on day 1 by linear
regression of numerical dose within each treatment on
DN AUClast and DN Cmax ratios (Table 3). Rats treated
with THCV had a greater than dose-proportional rela-
tionship for DN AUClast ( p £ 0.05 and estimate > 0),
but not DN Cmax. Rats treated with CBC and CBN
had less than dose-proportional relationship for DN
Cmax ( p £ 0.05 and estimate < 0). Rats treated with
D8-THC on day 1 had greater than dose-proportional
relationship for both DN AUClast and Cmax.

For comparisons between sexes, male to female
AUClast and Cmax ratios were calculated. Most canna-
binoids and dose groups had no notable difference
( < 2-fold change; Table 4). Exceptions on day 1 (near
or greater than twofold change difference) were
observed in the 32 mg/kg THCV dose group (DN
AUClast and Cmax male:female ratios of 1.98 and 1.95,
respectively); the 3.2 mg/kg CBC dose group (DN
AUClast male:female ratio of 0.50); the 10 mg/kg CBN
dose group (DN AUClast ratio of 1.96); and the D8-
THC 3.2 mg/kg dose group (DN AUClast male:female
ratio of 3.47). PK data disaggregated by sex are pro-
vided in the accompanying Supplementary Data S4
(Supplementary Figs. S1 and S2; Supplementary
Tables S2 and S3).

Repeated (day 14)-dose pharmacokinetics
PK parameters for day 14 of repeated administration of
all cannabinoids are summarized in Table 5. Following
the last oral dose on day 14, all cannabinoids were
detectable in plasma at the first time point (45 min)
(Fig. 1; day 14). Tmax was between 1.5 and 3 h for

each cannabinoid tested. As on day 1, the Tmax for
D8-THC was longer on average, followed by CBN,
CBC, and THCV. Similar to day 1, Cmax and AUClast

were highest for CBC-treated animals; however, D8-
THC had higher DN Cmax and DN AUClast compared
to any other treatment, followed by CBC, CBN, and
THCV treatments.

After 24 h, CBC concentrations were still quantifi-
able for most animals, but THCV and CBN concentra-
tions were only quantifiable at 24 h in animals in the
higher dose groups (17–100 mg/kg). D8-THC concen-
trations were quantifiable 24 h after the last dose of
3.2 and 10 mg/kg. On day 14, t1/2 values were able to
be estimated and passed reporting criteria for only a
few animals dosed with THCV and CBC at higher
doses; t1/2 values ranged from 4.23 to 4.87 h.

Dose proportionality was assessed for day 14 of
repeated administration in the same manner as des-
cribed for day 1. Most treatments showed a similar
dose-proportional relationship (i.e., greater or less
than dose-proportional) as on day 1 (Table 3). Rats
treated with CBC had a less than dose-proportional
relationship for DN Cmax and DN AUClast. Rats treated
with CBN showed a less than dose-proportional rela-
tionship for DN Cmax. THCV and D8-THC showed
dose-proportional relationships on day 14.

Accumulation of cannabinoids in plasma across the
14-day repeated-dosing period was determined using

Table 3. Linear Dose–Response Summary for Dose-
Normalized Noncompartmental Analysis Parameters in Rat
Plasma Following Oral Administration of a Single Dose
(Day 1) or 14 Consecutive Daily Doses (Day 14) of THCV, CBC,
CBN, or D8-THC

Cannabinoid Day

DN Cmax DN AUClast

Estimate p-Value Estimate p-Value

THCV 1 0.002 0.722 0.106 0.009a

14 �0.003 0.429 0.045 0.076
CBC 1 �0.029 0.031b �0.031 0.645

14 �0.049 0.002b �0.192 0.048b

CBN 1 �0.023 0.001b 0.042 0.344
14 �0.020 0.001b 0.007 0.902

D8-THC 1 0.794 0.0002a 9.60 < 0.0001a

14 �0.285 0.653 4.23 0.136

aDose–response p-value < 0.05 and estimate > 0, indicating greater
than dose-proportional relationship.

bDose–response p-value < 0.05 and estimate < 0, indicating less than
dose-proportional relationship.

Table 4. Male to Female Ratios of Dose-Normalized AUClast
and Cmax

Cannabinoid
treatment

Dose
(mg/kg)

Male:female ratios
(Day 1)

Male:female ratios
(Day 14)

Cmax AUClast Cmax AUClast

THCV 3.2 1.24 1.40 1.05 1.10
10 1.08 1.32 1.03 1.07
17 1.14 1.22 — —
22 1.30 1.54 1.34 1.59
32 1.95 1.98 0.83 0.93

100 0.62 0.69 1.38 1.10
CBC 3.2 0.73 0.50 1.86 3.90

10 1.13 0.71 1.40 1.35
17 1.01 1.30 1.19 1.51
22 1.72 1.55 1.07 1.25
32 1.24 1.08 0.50 1.00

100 1.40 1.59 1.09 1.17
CBN 1 1.46 1.60 0.73 0.75

3.2 0.77 0.93 1.62 2.09
10 1.72 1.96 1.97 5.39
17 0.93 0.89 0.97 1.19
32 0.63 0.69 1.52 1.33

100 0.59 0.69 1.10 1.00
D8-THC 0.32 1.49 1.33 3.28 2.76

1 1.15 1.11 1.20 4.69
3.2 1.62 3.47 0.94 1.09

10 1.46 1.17 1.19 1.46
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ratios of AUClast and Cmax from day 14 compared to
day 1 (Table 5). Ratios tended to show a less than two-
fold change for most cannabinoids and dose groups,
indicating no notable accumulation after 14 con-
secutive daily administrations. However, rats in the
THCV-treated dose groups tended to have ratios
< 1.0 with some < 0.5 (greater than twofold decrease)
for day 14 compared to day 1, indicating reduced expo-
sure after 14 consecutive daily doses. Rats in the
D8-THC-treated dose groups had many ratios > 2.0,
indicating accumulation after 14 consecutive daily
doses.

Male to female AUClast and Cmax ratios for most can-
nabinoids and dose groups on day 14 had no notable
difference (greater than twofold change; Table 4).
Exceptions on day 14 (near or greater than twofold
change difference) were observed in the 3.2 mg/kg
CBC dose group (DN AUClast male:female ratio of
3.90), the 10 and 17 mg/kg CBN dose groups (DN
AUClast of 2.09 and 5.39, respectively), and the 0.32
and 1.0 mg/kg D8-THC dose groups (DN AUClast of
2.76 and 4.69, respectively). Ratios could not be calcu-
lated for THCV 17 mg/kg dose groups, as all female
samples had to be excluded (see ‘‘Data analysis’’ sec-
tion). PK data disaggregated by sex are provided in

the accompanying Supplementary Data S4 (Supple-
mentary Figs. S1 and S2; Supplementary Tables S1
and S2).

There was no quantifiable concentration for any
cannabinoid in the vehicle control group on day 1 or
day 14. Generally, for cannabinoid dose groups, the
only quantifiable concentration was for the cannabi-
noid that was administered, although there were sev-
eral nonsystematic exceptions (10 samples in total).
In samples from animals dosed with CBC, there were
quantifiable concentrations of THCV (two samples);
in samples from animals dosed with CBN, there were
quantifiable concentrations of THCV (one sample),
CBC (one sample), and D8-THC (four samples); and
in samples from D8-THC-dosed animals, there were
quantifiable concentrations of CBN and THCV (one
sample), as well as one sample with all cannabinoids
quantifiable. There was no evidence for errors in per-
formance of bioanalytical methods. Contamination of
samples, however, cannot be excluded.

Brain
Concentrations of cannabinoids in brain tissue 24 h
after the first (day 1) and last (day 14) dose of repeated
administration are summarized in Figure 2. THCV was

Table 5. Summary Pharmacokinetic Parameters for Cannabinoids in Rat Plasma After Oral Administration of 14 Consecutive
Daily Doses of Tetrahydrocannabivarin, Cannabichromene, Cannabinol, or Delta-8-Tetrahydrocannabinol

Treatment
Dose

(mg/kg)

Day 14

Accumulation ratios
(day 14:day 1)

Tmax

(h)
Cmax

(ng/mL) Cmax/dose (kg$ng/mL/mg)
AUClast

(h$ng/mL)
AUClast/dose

(h$kg$ng/mL/mg)

Median Mean SD Mean SD Mean SD Mean SD Cmax AUClast

THCV 3.2 2.25 3.29 (0.9) 1.03 (0.3) 6.22 (1.8) 1.94 (0.6) 0.85 0.84
10 1.5 15.23 (3.7) 1.52 (0.4) 26.64 (6.4) 2.66 (0.6) 0.88 0.81
17 1.5 32.23 (11.7) 1.90 (0.7) 189.16 (41.4) 11.13 (2.4) 0.85 2.58
22 2.25 25.28 (10.9) 1.15 (0.5) 167.17 (83.0) 7.60 (3.8) 0.41 0.59
32 3 43.40 (23.9) 1.36 (0.7) 275.20 (147.3) 8.60 (4.6) 0.49 0.60

100 1.5 92.04 (71.3) 0.92 (0.7) 754.96 (702.9) 7.55 (7.0) 0.48 0.55
CBC 3.2 1.5 27.43 (12.8) 8.57 (4.0) 102.30 (72.4) 31.97 (22.6) 0.92 1.72

10 3 80.83 (35.1) 8.08 (3.5) 493.79 (239.0) 49.38 (23.9) 1.39 1.64
17 3 139.90 (45.1) 8.23 (2.7) 845.09 (317.4) 49.71 (18.7) 1.52 1.49
22 1.5 126.50 (23.9) 5.75 (1.1) 673.44 (142.1) 30.61 (6.5) 1.03 0.88
32 1.5 199.50 (105.6) 6.23 (3.3) 1056.20 (451.8) 33.01 (14.1) 0.96 0.85

100 2.25 363.83 (145.8) 3.64 (1.5) 2319.68 (1096.2) 23.20 (11.0) 0.81 0.98
CBN 1 1.5 3.12 (1.0) 3.12 (1.0) 5.76 (1.8) 5.76 (1.8) 0.70 0.80

3.2 1.5 8.71 (2.5) 2.72 (0.8) 12.65 (5.8) 3.95 (1.8) 0.63 0.55
10 1.5 37.37 (17.8) 3.74 (1.8) 158.94 (177.8) 15.89 (17.8) 1.08 2.20
17 3 73.73 (10.9) 4.34 (0.6) 438.85 (56.0) 25.81 (3.3) 0.95 0.90
32 2.25 99.40 (34.3) 3.11 (1.1) 582.52 (203.7) 18.20 (6.4) 1.23 1.21

100 1.5 137.83 (38.0) 1.38 (0.4) 1017.35 (154.2) 10.17 (1.5) 0.66 0.74
D8-THC 0.32 3 5.75 (6.7) 17.96 (20.9) 7.53 (7.3) 23.52 (22.7) 2.93 2.05

1 3 8.54 (4.7) 8.54 (4.7) 31.88 (56.7) 31.88 (56.7) 0.92 2.04
3.2 3 57.20 (21.2) 17.88 (6.6) 339.30 (92.2) 106.03 (28.8) 2.06 4.00

10 3 111.56 (82.9) 11.16 (8.3) 733.65 (486.6) 73.36 (48.7) 0.75 0.72

N = 6 samples per group, except for 17 mg/kg THCV, which is N = 3 (see ‘‘Data analysis’’ section).
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not detectable in brain at doses equal to or below
10 mg/kg. Mean concentrations ranged from 1.9 to
24.1 ng/g 24 h after a single dose of THCV (day 1)
for 22–100 mg/kg doses and 1.9–23.6 ng/g 24 h after
repeated (14 days) dosing of 17–100 mg/kg THCV.
Hence, there was no difference between single and
14-day repeated dosing when measured 24 h after the
last dose. CBC produced the highest concentrations
in brain: all doses tested (3.2–100 mg/kg) resulted in
measurable brain levels 24 h after the first (day 1)
and last (day 14) dose of repeated administration
dosing.

Mean concentrations ranged from 1.5 to 61.7 ng/g
after the first (day 1) CBC dose and from 2.8 to
104.0 ng/g after repeated (14 days) dosing of CBC.
Concentrations for several CBC dose groups were sig-
nificantly higher on day 14 after repeated administra-
tions compared to day 1, suggesting accumulation.
CBN was not detectable in brain tissue after adminis-
tration of 1–3.2 mg/kg doses; CBN resulted in mean

brain concentrations between 1.0 and 20.1 ng/g after
the first (day 1) dose and 4.3–18.4 ng/g after the last
(14 days) dose of 10–100 mg/kg CBN. There was no evi-
dence of accumulation of CBN with repeated dosing.
D8-THC was only detectable in brain 24 h after single
and repeated dosing at the highest dose (10 mg/kg).
Brain concentrations were low with 3.6 ng/g on day 1
and 4.8 ng/g after repeated (14 days) dosing, with no
evidence of accumulation.

Discussion
The primary findings from this study were that single
and 14-day repeated oral administration of THCV,
CBC, CBN, and D8-THC produced dose-related,
detectable levels in plasma and brain. For single-dose
(day 1) administration, the PKs for THCV, CBC,
CBN, and D8-THC were similar. There was also evi-
dence that D8-THC and THCV are absorbed or elim-
inated differently after repeated administration when
compared to CBC and CBN. As expected with oral

FIG. 2. Brain concentrations of cannabinoids 24 h after a single dose (i.e., day 2; white bars) or repeated
doses (14 consecutive daily; i.e., day 15; black bars). Data are group mean – standard deviation. BQL, below
quantification limits (1 ng/mL).
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administration of cannabinoids,33,34 there was a fairly
substantial amount of between-subject variability; how-
ever, plasma concentrations and AUClast were dose
orderly for all cannabinoids tested. We provide details
on these key findings below.

THCV, CBC, CBN, and D8-THC were detectable
in plasma after the first administration on day 1 for
all doses of THCV and CBC (3.2–100 mg/kg), CBN
(1–100 mg/kg), and D8-THC (0.32–10 mg/kg). Plasma
concentrations of all the minor cannabinoids were
detected 45 min after oral administration (1st time
point), and maintained for 3 h after oral administra-
tion, with maximal concentrations (Tmax) reached
between 1.5 and 3 h. THCV, CBC, CBN, and D8-
THC were also detected in plasma 24 h post-
administration. This is similar to what has been
reported for oral administration of other minor canna-
binoids (CBD, cannabidivarin, and CBG).32,35,36

There were some notable differences between the
minor cannabinoids following the 14-day adminis-
tration. Specifically, THCV plasma levels decreased
after repeated dosing when compared to single dos-
ing, suggesting potential adaptation of metabolic
pathways resulting in increased THCV elimination.
In contrast, 14-day repeated D8-THC resulted in accu-
mulation in plasma. Importantly, in assessments of
formulation stability across 14 days, there was no indi-
cation of any cannabinoid degradation in the MCT-oil
vehicle as all were within 10% of their initial test
concentrations.

CBC and CBN showed similar linear dose responses
for DN Cmax and DN AUClast on both days 1 and 14,
indicating little change in dose proportionality across
the 14-day repeated-dosing period. CBC and CBN
showed a less than dose-proportional relationship for
DN Cmax, indicating adaptation with increasing doses.
THCV and D8-THC showed a greater than dose-
proportional relationship for DN AUClast on day 1,
but not on day 14.

All cannabinoids tested in this study translocated to
brain after single and 14-day repeated dosing. Highest
brain concentrations were measured for CBC. CBC was
measured in brain 24 h after a single dose in all dose
groups (3.2–100 mg/kg), as well as 24 h after the 14-
day repeated dosing, with accumulation observed
after the 14-day repeated dosing. THCV was detectable
in brain at doses > 10 mg/kg, CBN was detectable at
doses > 3.2 mg/kg, and D8-THC was only detectable
in brain 24 h post-administration of the highest dose
tested (10 mg/kg).

No accumulation was observed in brain for THCV,
CBN, or D8-THC. This study was not designed to
assess brain concentrations immediately after dosing,
rather, by looking at brains 24 h after the first dose
(i.e., on day 2) and last dose of the 14-day repeated ad-
ministrations (i.e., on day 15), this study solely evalu-
ated accumulation in brain. Future studies will be
needed to examine the extent and time course of can-
nabinoid translocation to brain tissue.

To our knowledge, this is one of the first studies to
characterize and compare single- and 14-day repeated
dosing PKs of a full range of doses of these minor
cannabinoid isolates. Prior studies in humans have
primarily examined minor cannabinoids’ PKs after
administration of whole plant cannabis or cannabis
products, and report only low levels of these cannabi-
noids.37,38 To our knowledge, no clinical study to
date has investigated PKs after administration of can-
nabinoid isolates, other than THC and CBD, and the
doses received in whole plant cannabis products are
not always reflective of those being taken recreationally
or medicinally in isolate form.

Nonetheless, our results showing high concentra-
tions of CBC compared with other cannabinoids are
in agreement with a recent human laboratory study.
Following administration of an oral cannabis product,
containing CBC as well as THC and CBD, for 7 days,
CBC measured in plasma was proportionally higher
than CBD and THC,39 suggesting preferential absorp-
tion or a delayed metabolism/elimination of CBC rela-
tive to THC and CBD. An important next step in
understanding the PKs of these minor cannabinoids
is to administer them in combination, as this reflects
many commercially available cannabis products, and
PK interactions have been shown between other
co-administered cannabinoids (e.g., THC + CBD).40,41

In this study, there was no significant sex difference
in cannabinoid kinetics. While this study was not pow-
ered to detect sex differences, the male to female ratios
suggest there may be differences in exposure between
sexes; thus, future studies should examine potential
sex differences in PKs for these minor cannabinoids.
Studies have indicated potential sex differences in
THC metabolism, such that females metabolize THC
at a faster rate than males.14,42 This results in higher
plasma levels of the active metabolite 11-OH-THC,42

which may underlie the greater subjective effects
often reported in women.14 This aligns with what was
observed with D8-THC in this study, where males
tended to have higher D8-THC concentrations than
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females. Research into D8-THC is still sparse; there
is no evidence of any sex difference to its behavioral
effects.43

In summary, this study examined the PKs after a
single dose and 14-day repeated oral administration
of THCV, CBC, CBN, and D8-THC at a range of
doses. These results provide critical information for
identification of target dose ranges and dosing sched-
ules in future studies, which will evaluate potential
effects of minor cannabinoids.
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Abbreviations Used
BQL¼ below quantification limit

CB1R¼ cannabinoid type 1 receptor
CB2R¼ cannabinoid type 2 receptor

CBC¼ cannabichromene
CBD¼ cannabidiol
CBG¼ cannabigerol
CBN¼ cannabinol

D8-THC¼ delta-8-tetrahydrocannabinol
D9-THC¼D9-tetrahydrocannabinol

DN¼ dose normalized
FDA¼ Food and Drug Administration
MCT¼medium-chain triglyceride
NCA¼ noncompartmental analysis
PKs¼ pharmacokinetics

THCV¼ tetrahydrocannabivarin
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