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Sex differences in the disposition D
of cannabidiol and its metabolites in mice
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Abstract

Background While cannabidiol (CBD) is widely used globally as a therapeutic agent, sex as a biological variable
remains underexplored in determining its metabolism and overall pharmacokinetic patterns. The present study
systematically evaluated sex differences in the pharmacokinetics of CBD and its major metabolites, 7-hydroxy-CBD
(7-OH-CBD) and 7-carboxy-CBD (7-COOH-CBD), in a mouse model.

Methods Male and female C57BL/6J mice received an intraperitoneal dose of CBD (120 mg/kg) and plasma
concentrations of CBD and its metabolites were quantified by UPLC-MS/MS. Pharmacokinetic parameters were
derived using non-compartmental analysis and compared between sexes.

Results Females exhibited significantly higher early exposure to CBD, with a~ 1.5-fold higher Ci,ax than male

mice (p=0.03). The apparent clearance (CL/F) and ultimate total systemic exposure AU Cy_inF Were comparable
between sexes. In contrast, male mice demonstrated a markedly larger apparent volume of distribution (Vz/F; ~2.2-
fold increase, p=0.02) and consequently a longer terminal half-life (t, ,; ~2.2-fold increase, p=0.04), indicating greater
tissue sequestration. Both metabolites were significantly higher in female vs. male mice (7-OH-CBD Cinax ~1.6-fold,
p=0.03; 7-COOH-CBD Cpax ~1.7-fold, p=0.03). The AUCy_inF tended to be higher for 7-OH-CBD in female mice
but was not significant (~ 1.4-fold, p=0.11), whereas the 7-COOH-CBD AU C(_a41, Was significantly greater in females
(~1.8-fold, p=0.04). Male mice displayed substantially longer terminal half-lives for both metabolites (7-OH-CBD ~2.4-
fold, p=0.0051; 7-COOH-CBD ~3.7-fold, p=0.02).

Conclusions These results demonstrate that sex is a critical determinant of CBD pharmacokinetics and highlight
the need for sex-informed dosing considerations in both preclinical study design and potentially for future clinical
applications of CBD.

Keywords Cannabidiol, 7-hydroxy-CBD, 7-carboxy-CBD, Pharmacokinetics, Sex differences, Tissue distribution,
UPLC-MS/MS

*Correspondence:

Philip Lazarus

plazarus@buffalo.edu

'Division of Molecular Biosciences, Department of Pharmaceutical
Sciences, School of Pharmacy and Pharmaceutical Sciences, University at
Buffalo, Buffalo, NY 14214, USA

©The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1186/s42238-026-00427-7
http://crossmark.crossref.org/dialog/?doi=10.1186/s42238-026-00427-7&domain=pdf&date_stamp=2026-4-1

Olawale et al. Journal of Cannabis Research (2026) 8:65

Background

Cannabidiol (CBD) is the second most abundant phyto-
cannabinoid derived from the cannabis sativa plant after
A9-tetrahydrocannabinol (THC) (Premoli et al. 2019,
Shahbazi et al. 2020, Mechoulam et al. 2007). Unlike
THC, CBD is generally considered non-psychoactive,
although some reports suggest it may exert mild central
nervous system (CNS) effects (Stella 2023, Martinez et al.
2020, Oberbarnscheidt and Miller 2020). CBD interacts
with the endocannabinoid system but has a low affin-
ity for CB1 receptors, which are primarily located in the
CNS and mediate the psychoactive effects of THC (Shah-
bazi et al. 2020, Zou and Kumar 2018). Additionally, CBD
binds to CB2 receptors which are predominantly found
in peripheral tissues including cells of immunity, where it
may act through low affinity binding, allosteric modula-
tion, or functional antagonism to influence immune and
inflammatory processes (Zou and Kumar 2018, Peng et
al. 2022). Other receptors that CBD has been reported to
interact with include the G protein—coupled receptor 55
(GPR55), the serotonin 5-HT1A receptor, and the tran-
sient receptor potential vanilloid type 1 (TRPV1) chan-
nel, contributing to its proposed anticancer, analgesic,
anxiolytic, addiction treatment and anti-inflammatory
effects (Schouten et al. 2024, Miao et al. 2025, Almeida
and Devi 2020, Filipiuc et al. 2021).

The use of CBD has increased rapidly in recent years,
particularly following the passage of the 2018 United
States (U.S.) Farm Bill, which legalized hemp-derived
CBD products containing less than 0.3% of THC in all
50 states (Dickson et al. 2019, Park 2025). This regula-
tory shift significantly increased public accessibility and
consumer interest, with U.S. retail CBD sales reported
at approximately $5.3 billion in 2021 and $4.17 billion
in 2022 (Park 2025, Bhamra et al. 2021, CBD ), with
sales projected to reach $4.23 billion in 2026 (CBD ).
Beyond legal availability, CBD has gained popularity due
to widespread perception of its potential health ben-
efits, which have contributed to its growing use among
consumers (Nguyen et al. 2023). However, despite its
extensive marketing and diverse claimed therapeutic
benefits, robust scientific evidence supporting many
of these uses remains limited (Krowartz et al. 2025,
Chesney et al. 2020). Currently, the only U.S. Food and
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Drug Administration (FDA)-approved indication for
CBD is as Epidiolex®, an oral solution indicated for the
treatment of seizures associated with Lennox—Gastaut
syndrome, Dravet syndrome, and tuberous sclerosis com-
plex in children and adults (Jazz and Pharmaceuticals ,
Reddy 2023). Nonetheless, large numbers of individuals
continue to self-administer over the counter (OTC) CBD
formulations without medical supervision (Kaufmann et
al. 2023). Given this growing use, a detailed understand-
ing of CBD pharmacokinetics is essential to optimize its
therapeutic potential, evaluate safety, and guide rational
clinical application. Parameters such as bioavailability,
maximum plasma concentration, clearance, and half-life
are fundamental for establishing effective dosing regi-
mens and predicting therapeutic outcomes. Without this
knowledge, it is difficult to optimize treatment, anticipate
drug—drug interactions, or evaluate potential toxicities
(Millar et al. 2018, Martinez Naya et al. 2024).

Although complex, CBD pharmacokinetics (PK) have
been studied in both human and animal models; how-
ever, several major limitations remain (Millar et al. 2018,
Martinez Naya et al. 2024, Wermer et al. 2025, Deiana
et al. 2012). CBD exhibits low and variable oral bioavail-
ability (estimated between 6 and 19%), largely due to
poor solubility and extensive first-pass metabolism (Lac-
erda et al. 2025, Hossain et al. 2023). Following admin-
istration, CBD is metabolized in humans by cytochrome
P450 enzymes in the liver, leading to the formation of
both active and inactive metabolites (Fig. 1) (Bardhi et
al. 2022). The active metabolite, 7-hydroxy-CBD (7-OH-
CBD), is primarily formed by CYP2C19 and CYP2CY9,
while CYP3A4 contributes to the formation of 7-car-
boxy-CBD (7-COOH-CBD), the most abundant circu-
lating metabolite but is considered pharmacologically
inactive (Beers et al. 2021). In mice, CBD is predomi-
nantly metabolized by enzymes from the CYP2C and
CYP3A families, which are considered functional coun-
terparts to the human CYP2C and CYP3A isoforms and
generate the same primary metabolites [7-OH-CBD and
7-COOH-CBD (Martin et al. 1977, Bornheim and Cor-
reia 1990)]. These metabolites, particularly 7-OH-CBD,
may contribute significantly to CBD’s therapeutic and
safety profile, but most studies have focused primar-
ily on parent CBD, with limited systematic analysis of
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Fig. 1 Metabolic pathway of CBD showing formation of active 7-OH-CBD and subsequent conversion to inactive 7-COOH-CBD. CYP, cytochrome P450
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metabolite kinetics (Zhang et al. 2024, Ujvary and Hanu$
2016). Furthermore, while a growing body of literature
has described CBD PK under various dosing routes,
few studies have rigorously evaluated sex as a biological
variable, despite its well-recognized influence on drug
metabolism (Sallam et al. 2023, MacNair et al. 2024).

Sex is a recognized determinant of drug disposition,
reflecting differences in enzyme expression/activity, pro-
tein binding, and body composition in both rodents and
humans (Waxman and Holloway 2009, Aljohmani and
Yildiz 2025). However, evidence for sex as a biological
variable in CBD PK is limited and mixed. In a repeated
oral CBD study in healthy adults, sex differences in CBD’s
area under the plasma concentration-time curve (AUC)
and maximum plasma concentration (Ciyax), were lim-
ited, but the relative exposure of metabolites compared
to parent drug increased more in females across days
(MacNair et al. 2024). While this suggests an altered
exposure profile by sex, rigorous preclinical studies that
quantified parent and metabolite PK under controlled
conditions and that mechanistically disentangled the role
of distribution from elimination are scarce. Most pub-
lished preclinical studies either pooled data from both
sexes or restricted analysis to males, overlooking a poten-
tially important determinant of CBD exposure.

To address this gap in knowledge, we hypothesized that
there will be significant sex-dependent differences in the
PK of high-dose CBD and its metabolites in mice. Specif-
ically, the present study aimed to characterize sex-depen-
dent plasma concentration-time profiles of CBD and its
major metabolites in mice following high-dose intraperi-
toneal (IP) administration, to compare key PK param-
eters between the two sexes and provide a foundation for
future studies exploring the biological and clinical impli-
cations of sex-based differences in CBD disposition.

Materials and methods

Animals and housing

All animal ordering, housing, and study procedures
were conducted in accordance with the Institutional
Animal Care and Use Committee (IACUC) guide-
lines at the University at Buffalo under protocol num-
ber PROT0202400076. 12 C57BL/6] mice (6 males and
6 females, approximately 4-week-old, ~20 g in weight)
were sourced from Jackson Laboratory (Bar Harbor, ME,
USA) and acclimated for 5 days in a conventional rodent
room. Male and female mice were housed separately, in
groups of three per cage with bedding, food, and water
provided. Animals were monitored daily for signs of
distress, including movement and grooming to ensure
wellbeing throughout the acclimation and experimental
periods.
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Drugs and chemicals

Non-pharmaceutical grade cannabidiol (CBD) was pur-
chased from GVB Biopharma (Portland, OR, USA), Cre-
mophor EL from EMD Millipore Corp. (Burlington, MA,
USA), ethanol from Decon Labs, Inc. (King of Prussia,
PA, USA), and sterile saline 0.9% from Alkaline Scientific
(Fort Lauderdale, FL. USA). CBD was prepared at a con-
centration of 120 mg per 5 mL in a mixture of cremophor
EL: ethanol: saline vehicle (1:1:18, v/v/v) in accordance
with manufacturer recommendations. CBD was first dis-
solved in 0.25 mL cremophor EL and 0.25 mL ethanol
with heating at 60 °C, followed by the addition of 4.5 mL
sterile saline. The resulting stock solution was aliquoted
into 1.5 mL tubes, and stored at - 20 °C, and was thawed
at room temperature immediately prior to use. Thawed
aliquots were visually inspected to confirm the absence of
precipitation before use.

For bioanalytical analysis, CBD reference standard
solutions were prepared at a concentration of 1 mg/
mL by dissolving CBD powder in methanol. Reference
standards for 7-OH-CBD and 7-COOH-CBD, along
with their corresponding deuterated internal standards
(CBD-D3, 7-OH-CBD-D;, and 7-COOH-CBD-D;), were
obtained from Sigma-Millipore (Burlington MA, USA).
Organic solvents and mobile-phase modifiers used for
ultra performance liquid chromatography-mass spec-
trometry (UPLC-MS/MS) analysis including acetoni-
trile and formic acid were all LC-MS grade. Acetonitrile,
methanol, and formic acid were purchased from Thermo-
Fisher Scientific (Waltham, MA, USA), and high-purity
water (Milli-Q) was used for the preparation of all aque-
ous solutions.

Experimental methods

Each mouse was weighed prior to dosing to calculate
the injection volume, corresponding to a CBD dose of
120 mg/kg in 5 mL/kg (approximately 100 pL for a 20 g
mouse). At time 0, CBD was administered via IP injection
using a 25-gauge needle inserted at a 45° angle into the
lower abdominal quadrant, while the mouse was gently
restrained in a supine position. Injections were adminis-
tered slowly to ensure consistent delivery and minimize
local irritation. Following dosing, mice were monitored
for movement, activity, and posture throughout the
experiment, and for signs of distress like sedation, mild
ataxia, and hypotension.

Blood samples (~12 pL each; total volume <10% of the
estimated blood circulating volume of ~1,600 uL) were
collected from the submandibular vein at 5 min, 10 min,
15 min, 30 min, 45 min, 1 h,2 h,3h, 6 h, 12 h, and 24 h
post-injection. At the 24-hour time point, mice were
euthanized by cardiac puncture followed by cervical dis-
location as a secondary method. Plasma was separated
by centrifugation at 2,500 x g for 10 min and stored at
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-80 °C for quantification of CBD and its metabolites,
7-OH-CBD and 7-COOH-CBD, via UPLC-MS/MS.

Bioanalytical assay (UPLC-MS/MS)

Standard curve solutions were prepared by spiking blank
plasma with reference standards to yield concentrations
ranging from 50 to 25,600 ng/mL. For both calibration
standards and test plasma samples, protein precipitation
was performed by combining plasma, internal standard
solution (0.5 ppm mixture of all deuterated internal stan-
dards, prepared in acetonitrile), and cold acetonitrile in a
ratio of 1:1:3. Specifically, 5 pL of plasma was mixed with
5 pL of internal standard and 15 pL of acetonitrile, fol-
lowed by vortex mixing and centrifugation at 17,000 x
g for 10 min at 4 °C. The resulting supernatant was col-
lected to produce the final calibration standards, and the
analysis was performed by injecting 5 pL of the superna-
tant into the UPLC-MS/MS.

The quantification of CBD, 7-OH-CBD, and 7-COOH-
CBD, was performed using a Waters Acquity UPLC sys-
tem coupled to a XEVO-TQSmicro mass spectrometer
(Waters Corp, Milford, MA). Chromatographic separa-
tion was achieved using an ACQUITY UPLC BEH C18
Column (1304, 1.7 pm, 2.1 mm X 50 mm) maintained at
40 °C. The mobile phase consisted of (A) water with 0.1%
formic acid, and (B) acetonitrile with 0.1% formic acid,
delivered at a flow rate of 0.3 mL/min with the follow-
ing 8.5-min gradient. The gradient was initiated at 60%
A and held for 2 min, then decreased linearly to 20% A
at 3.5 min, further decreased linearly to 5% A at 7 min,
held at 5% A from 7 to 7.5 min, returned to 80% A by
8.5 min, and then returned to initial conditions for the
subsequent injection. Detection was performed in posi-
tive electrospray ionization mode using multiple reaction
monitoring (MRM). Instrument settings were as follows:
capillary voltage, 0.6 kV; cone voltage, 20 V. Collision
energies were set at 20 eV for CBD, 10 eV for 7-OH-CBD,
and 15 eV for 7-COOH-CBD. The MRM transitions
monitored were m/z 315.2/193.1 for CBD, 318.2/196.2
for CBD-D,;, 331.2/313.3 for 7-OH-CBD, 334.2/316.1
for 7-OH-CBD-D,, 345.1/299.3 for 7-COOH-CBD and
348.2/302.2 for 7-COOH-CBD-D;.

UPLC-MS/MS method qualification

Selectivity was assessed using blank plasma obtained
from six individual mice processed with internal stan-
dard. No endogenous peaks exceeding 20% of the lower
limit of quantification (LLOQ) response for CBD, 7-OH-
CBD, or 7-COOH-CBD were observed at their respective
retention times, and no endogenous responses exceeded
5% of the internal standard signal (Supplementary Fig. 1),
meeting FDA and EMA acceptance criteria (Health
UDo, Services 2003, Guideline 2022). In addition, mouse
plasma spiked with 400 ng/mL of the analytes, along with
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their corresponding deuterated internal standards, dem-
onstrated well-resolved peaks at the expected retention
times, confirming analyte identity and the absence of
matrix interference (Supplementary Fig. 2).

The assay showed sufficient sensitivity for all ana-
lytes. LLOQs were initially determined based on sig-
nal-to-noise ratios>10 from calibration curves and
subsequently confirmed by five replicate measurements.
Based on five replicate measurements CBD exhibited an
LLOQ of 25 ng/mL, while 7-OH-CBD and 7-COOH-
CBD met LLOQ criteria at 50 ng/mL, demonstrating
accuracy within 80-120% of nominal concentration
and a precision (CV%)<20% (Supplementary Table 1).
Importantly, all plasma concentrations measured in test
samples across the 24-hour sampling period were above
the established LLOQs, confirming the integrity of the
data used for pharmacokinetic analysis. This method
therefore met FDA and EMA criteria for selectivity and
sensitivity (Health UDo, Services 2003, Guideline 2022).
Linearity across the calibration range (50-25,600 ng/mL)
was excellent, with correlation coefficients (R?) exceeding
0.99 for all three analytes using a weighted (1/x) linear
regression model.

Additionally, intra-day accuracy and precision were
evaluated using five replicate quality control (QC) sam-
ples per concentration level on a single day, while inter-
day accuracy and precision were assessed using five
replicate QC samples per concentration level analyzed
across three separate days (total of 15 measurements
per concentration). QC samples were independently
prepared by spiking blank mouse plasma with refer-
ence standards at low (200 ng/mL), medium (6,400 ng/
mL), and high (12,800 ng/mL) concentrations and were
processed in the same manner as the study sample. All
QC samples met FDA acceptance criteria, with accu-
racy within 85-115% of nominal values and precision
(CV%) <15% for both intra- and inter-day measurements
(Supplementary Table 2) (Health UDo, Services 2003).

Data analysis

All PK data are presented as the mean+SD from six
animals per group. PK parameters were derived using
Non-Compartmental Analysis (NCA) in Phoenix Win-
Nonlin 8.6 [Certara USA, Inc., (Princeton, NJ, USA)].
For CBD and 7-OH-CBD, the area under the plasma
concentration—time curve from time zero to infin-
ity (AUCy_1nr) was calculated since both compounds
exhibited a well-defined terminal elimination phase.
In contrast, for 7-COOH-CBD, the elimination phase
was incomplete within the 24-hour sampling period;
therefore, exposure was reported as area under the
plasma concentration—time curve from time zero to
24 h (AUC(_a4n), representing the observed expo-
sure over the measurable time course. Other measured
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parameters included maximum plasma concentration
(Cinax), time to reach maximum plasma concentration
(tmax), apparent clearance (CL/F), and apparent volume
of distribution (Vz/F), and terminal half-life (t, ,).

Statistical analyses were performed using GraphPad
Prism (version 10). Plasma concentration—time data were
analyzed using a two-way analysis of variance (ANOVA)
with sex and time as factors, followed by post-hoc com-
parisons using Bonferroni’s multiple comparisons test
to assess differences between males and females at indi-
vidual time points and differences were considered sig-
nificantly at p<0.05. Comparisons of all derived PK
parameters between male and female groups were per-
formed using unpaired two-tailed t-tests, with statistical
significance set at p <0.05.

Results

Plasma concentration-time profile of CBD and its
metabolites

Representative UPLC-MS/MS chromatograms confirm-
ing the detection of CBD and its metabolites (7-OH-CBD
and 7-COOH-CBD) and their corresponding deuterated
internal standard, obtained from plasma sample collected
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from CBD-treated mice are shown in (Fig. 2). Each ana-
lyte was well resolved with distinct retention times and
no interference from blank plasma, confirming the speci-
ficity of the analytical method.

Following a single IP administration of CBD at 120 mg/
kg to both male and female C57BL/6] mice, CBD was
rapidly detected in plasma and was subsequently metab-
olized to 7-OH-CBD and 7-COOH-CBD for both male
and female mice (Fig. 3). Plasma concentrations of CBD
increased sharply reaching peak plasma concentrations
(Chhax) Within the first hour post-dose, indicating rapid
systemic absorption, and then declined in a multipha-
sic manner consistent with distribution and elimination
processes. Formation of 7-OH-CBD occurred shortly
after CBD appearance, followed by a delayed rise in
7-COOH-CBD, consistent with sequential oxidation and
carboxylation of CBD. Both metabolites persisted longer
in circulation than the parent compound, a finding con-
sistent with their slower systemic clearance. The overall
temporal patterns confirm that CBD undergoes exten-
sive in vivo metabolism and that all three analytes exhibit
measurable systemic exposure over the 24-hour sampling
period.
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Fig. 2 Representative chromatograms of CBD and its metabolites along with their deuterated internal standards in plasma samples obtained after CBD
administration. A CBD; B CBD-D3; C 7-OH-CBD; D 7-OH-CBD-D3; E 7-COOH-CBD; and F 7-COOH-CBD-D3. Data shown are from a representative C57BL/6J
mouse plasma sample collected after intraperitoneal CBD administration, acquired in ESI+ mode following protein precipitation and reversed-phase
separation; retention times and mass transition are annotated above each peak
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Fig. 3 Plasma concentration-time profiles of CBD and its metabolites, 7-OH-CBD and 7-COOH-CBD, in male (panel A) and female (panel B) C57BL/6J
mice following a single 120 mg/kg IP dose of CBD. Data are shown as mean+SD (n=6 per sex)

Sex differences in CBD plasma concentrations and PK
To examine whether CBD disposition differs between
sexes, plasma concentration—time curves were compared
between male and female mice following a single 120 mg/
kg IP dose of CBD (Fig. 4). Both groups exhibited rapid
absorption, with plasma concentrations peaking within
the first hour post-dose, followed by a multiphasic decline
over 24 h. Female mice showed higher plasma CBD con-
centrations than males during the early absorption phase
(approximately 1-2 h post-dose) before redistribution
and elimination occurred, suggesting transiently greater
systemic exposure at the onset of distribution. A two-
way ANOVA revealed a significant main effect of time
(F (11, 109=33.0, p<0.0001) and a significant interaction
between sex and time (F (;; 199)=1.9, p=0.04), indicat-
ing that CBD concentrations over time differed between
sexes. Although the main effect of sex was not significant
(F (1,10)=4-2, p=0.068), post hoc Bonferroni comparisons
showed that female mice had significantly higher plasma
CBD levels than males at 1 h and 2 h post-dose (p=0.013
and 0.049, respectively; Fig. 4).

Based on the observed sex-related differences in the
plasma concentration—time curves, PK parameters
derived from non-compartmental analysis (NCA) were

compared between male and female mice (Table 1 and
Fig. 4). Female mice exhibited a significantly higher Cpax
than males (7.2 + 1.8 pg/mL vs. 11.1 +3.2 ug/mL, p=0.03),
with comparable ¢,,x values (males: 0.74+0.34 h;
females: 1.2+0.62 h, p=0.20). This is consistent with
their elevated CBD levels during the early absorption
phase identified in the two-way ANOVA. Despite this
initial difference in C\,ax, the CL/F was similar between
groups (males: 48.4+14.5 mL/h; females: 47.4+17.3
mL/h, p=0.92), and total systemic exposure as measured
by AUCy_1inF, did not differ significantly between sexes
(53.6+13.2 pg-h/mL vs. 55.9+18.7 pg-h/mL, p=0.81).
Male mice showed a markedly larger apparent volume
of distribution (Vz/F) (1060+500 mL vs. 480+ 180 mL,
p=0.02) and a longer terminal half-life (t;,): (15.7+8.2 h
vs.7.2+2.0 h, p=0.04) compared with females.

Sex differences in CBD metabolites plasma concentrations
and PK

After CBD dosing, 7-OH-CBD appeared rapidly in
plasma for both sexes and peaked within the first hour
(Fig. 5). A two-way ANOVA showed a strong main effect
of time (F (14 190=46.2, p<0.0001) and a significant
main effect of sex (F (5 9= 9.4, p=0.01), whereas the time
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Table 1 PK parameters of CBD

Parameters Unit Male Female P-value®
Crmax pg/mL 7218 11.1+£3.2 0.03
Tmax h 0.74+0.34 1.2+0.62 0.20
AUC _iNF MHgh/mL 536+132 559+187 0.81
Vz/F mL 1060+500 480+ 180 0.02
T2 h 15.7+82 72+20 0.04
CL/F mL/h 484+145 475+173 0.92

Data are presented as mean +SD (n=6 per sex)
2 Significant P-values are in bold

and sex interaction was not significant (F ;95 1595) = 1.8,
p=0.19). Bonferroni post-hoc tests indicated significant
higher 7-OH-CBD concentrations in females at the early
absorption time points (0.083 h and 0.16 h; p=0.038
and 0.0056, respectively), with no differences thereafter
(Fig. 5). Together, these findings indicate a brief early-
phase elevation of 7-OH-CBD in females, consistent with
the greater early formation from CBD, while the sub-
sequent time course is otherwise comparable between
sexes.

To further evaluate the sex-dependent differences
observed in plasma 7-OH-CBD concentrations, NCA
was performed comparing male and female mice (Table 2
and Fig. 5). Consistent with the early time-course differ-
ences, females showed a higher 7-OH-CBD Ci,ax than
males (male: 3.3£1.0 pug/mL vs. female: 53+1.75 pg/
mL, p=0.03), occurring at similar ?pax values (male:
1.3+0.56 h; female: 1.5+0.60 h, p=0.62). Addition-
ally, AUC,_inr was numerically higher in females but

not statistically significant (males: 31.1+8.6 pg-h/mL
vs. females: 43.6+14.8 pg-h/mL, p=0.11). Finally, male
mice exhibited a longer terminal half-life for 7-OH-CBD
than females (males: 20.1+6.1 h vs. females: 8.4+5.0 h,
p=0.0051).

As the secondary metabolite, 7-COOH-CBD concen-
trations rose rapidly following the initial appearance of
7-OH-CBD, maintaining readily detectable levels across
the entire 24 h sampling (Fig. 6). Two-way ANOVA
showed a strong main effect of time (F (553 2507 =30.9,
p<0.0001) and a significant main effect of sex (F
(1,10)= 17.8, p=0.0018), whereas the time and sex interac-
tion was not significant (F (553 5507 =2.3, p=0.11). Bon-
ferroni post-hoc comparisons indicated higher female
concentrations during early absorption (0.083 h, 0.50 h,
0.75 h, and 1.00 h; p=0.031, 0.0046, 0.0026, and 0.010,
respectively), with no differences at later times (Fig. 6).
Overall, while 7-COOH-CBD levels were sustained
across the 24 h sampling interval in both sexes, females
exhibited a greater transient early elevation.

NCA was used to evaluate the sex differences in
plasma drug 7-COOH-CBD concentrations between
male and female mice (Table 3 and Fig. 6). Female mice
reached a higher 7-COOH-CBD C\,ax than males (male:
1.7+£0.65 pg/mL vs. females: 3.0+1.0 pg/mL, p=0.03).
Trnax occurred at 2.5+ 0.55 h for male mice vs. 3.3+2.2 h
for female mice (p=0.39). Overall exposure was greater
in females, with AUCy_q4n significantly exceed-
ing male values (males: 25.5+8.8 pg-h/mL vs. females:
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Table 2 PK parameters of 7-OH-CBD

Parameter Unit Males Females P-value®
Crmax pg/mL 33+10 53+1.78 0.03

T max h 13+£0.56 1.5+£0.60 0.62
AUC_iNnF Hgh/mL 31.1+86 43.6+14.8 (OA N
Ti/o h 20.1+6.1 84+50 0.0051

Data are presented as mean+SD (n=6 per sex)

2 Significant P-values are in bold

43.8+19.2 pg-h/mL, p=0.04), while the terminal phase
was prolonged in males, with a longer t;;, (35.7£20.4 h)
compared with females (9.7+4.9 h) (p=0.02). These
NCA results align with the concentration—time profiles,
indicating higher peak and cumulative 7-COOH-CBD
levels in females over the 24 h interval.

Discussion

The current study characterizes the sex-dependent phar-
macokinetic profiles of CBD and its major metabolites,
7-OH-CBD and 7-COOH-CBD, in C57BL/6] mice. Sig-
nificant differences in CBD metabolism were observed in
male vs. female mice, characterized by higher peak con-
centrations in females and a significantly larger volume
of distribution and longer half-life in males. In C57BL/6]
mice given the same IP dose of CBD, sex influenced
where and for how long CBD and its metabolites resided
in the body rather than how fast it was eliminated. While

female mice displayed higher early plasma concentrations
of CBD (~1.5-fold higher Ci,ax), the apparent clearance
and ultimately overall exposure (CL/F and AUCy_inF)
for CBD was similar between sexes. Males, by contrast,
exhibited a larger apparent volume of distribution (V,/F;
~2.2-fold higher) and a longer terminal t;,, (~2.2-fold
higher). Taken together, these findings point to distribu-
tion or redistribution rather than net elimination capacity
as the principal driver of the sex effect on CBD kinetics.

These findings can be mechanistically interpreted by
referring to fundamental PK relationships, which explic-
itly distinguish the roles of clearance and distribution.
The total systemic exposure, denoted by AUC, is related
to apparent clearance (CL/F) by the relationship:

Dose
AUC = CL/F
Since both the administered dose and the CL/F were
comparable between sexes, it is expected that the total
systemic exposure would not differ significantly between
these groups, as was observed in the present studies. Fur-
thermore, the elimination half-life (t;;,) is fundamentally
defined by the relationship:

0.693 x Vz/F

he="—"cp/F
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Table 3 PK parameters of 7-COOH-CBD

Parameters Unit Male Female P-value®
Cmax pg/mL 1.7+£0.65 30+10 0.03
Tmax h 25+055 33+£22 0.39
AUCy_24n  Hgh/mL 255+88 438+19.2 0.04
T/ h 3584204 9.7+49 0.02

Data are presented as mean+SD (n=6 per sex)
2 Significant P-values are in bold

This equation demonstrates that half-life is directly pro-
portional to the apparent volume of distribution (Vz/F)
and inversely proportional to the apparent clearance
(CL/F). Thus, an increase in distribution or decrease
in clearance will prolong elimination half-life. Because
CL/F is similar between sexes, the markedly longer %/,
observed in males is directly attributed to their signifi-
cantly larger Vz/F. This confirms that the prolonged per-
sistence of CBD in male plasma samples is not due to
slower elimination from the body, but rather to extensive
sequestration and delayed release from a large, peripheral
tissue compartment.

The height of the peak (Ciax) reflects the balance
between how quickly a drug enters the systemic circu-
lation (absorption) and its extent of distribution and
elimination. Qualitatively, a higher peak can result from
faster absorption or less extensive distribution during
the absorption phase. In the present study, AUCy_inF,

CL/F and t,,,x were comparable between sexes, with val-
ues similar to prior reports using the same dose and IP
formulations of CBD in mice (Deiana et al. 2012), This
indicates a similar extent and rate of absorption and
clearance. Therefore, the simplest interpretation for the
higher early plasma CBD concentration seen in females is
due to reduced early distribution, yielding a higher Cpax.

The sex-dependent distribution and resulting sys-
temic availability of CBD provide the framework for
interpreting the kinetics of its metabolites, 7-OH-
CBD and 7-COOH-CBD. For both metabolites, female
mice showed significantly higher peaks (7-OH-CBD:
1.6-fold higher Crhax; 7-COOH-CBD: 1.7-fold higher
Cmax)- Although hepatic CYP3A isoforms are reported
to be expressed at higher basal levels in female mice
(Fashe et al. 2025, Sakuma et al. 2009) and could, in
principle, influence metabolite formation, the absence
of a sex difference in apparent CBD clearance (CL/F)
indicates that differences in metabolic capacity are
unlikely to account for the observed pharmacokinetic
differences. This pattern is therefore best explained
as a direct consequence of the parent drug kinetics:
higher early CBD female plasma delivers more sub-
strate to hepatic enzymes, driving greater early forma-
tion of 7-OH-CBD and subsequently greater overall
exposure for both metabolites. The AUCq_ing of
7-OH-CBD was ~ 1.4 fold higher and the AUC_24p of
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7-COOH-CBD was 1.8-fold higher in female mice as
compared with male mice. Similar parent-driven metabo-
lite peaks have been described for other cannabinoids
le.g., A’-tetrahydrocannabinol (THC)], where earlier/
higher parent exposure in females is associated with cor-
responding earlier/higher metabolite exposure (Sallam et
al. 2023, Wiley and Burston 2014).

Despite the female mice showing greater overall expo-
sure to the CBD metabolites, the terminal phase of both
metabolites follows the principle established for CBD:
male mice exhibit significantly longer half-lives (7-OH-
CBD: 2.4-fold higher t#;,5; 7-COOH-CBD: 3.7-fold
higher /7). Because these metabolites share similar
structural backbone with CBD, their terminal phases
likely mirror the parent drug’s disposition. This pattern
strongly suggests that CBD has a propensity for extensive
tissue sequestration in males, reflected by a larger appar-
ent distribution volume, and that the terminal behavior of
its hydroxylated and carboxylated metabolites is closely
linked to this parent drug disposition. Thus, in males,
the longer terminal half-life for the parent drug and its
metabolites is likely redistribution-rate limited, governed
by the slow release from the large peripheral tissue depot
back into the systemic circulation.

These findings suggest that preclinical studies inves-
tigating CBD in epilepsy and other neurological or
drug-related disorders should consider analyzing and
reporting pharmacokinetic and pharmacodynamic out-
comes by sex rather than pooling data across sexes, as
this approach may enable more accurate inference and
mechanistic interpretation. In practical terms, the pres-
ent data demonstrate that sex differentiates the timing
and distribution of CBD exposure when a similar dose
is administered. Female mice reached higher early con-
centrations of CBD and its metabolites, whereas males
retained the parent drug and both metabolites, particu-
larly the inactive 7-COOH-CBD, for a significantly longer
duration. This suggests distinct profiles even after a single
administration.

The female exposure profile is front-loaded, charac-
terized by a more rapid rise in systemic concentrations,
which may increase sensitivity to peak-related effects in
preclinical models. Hence, dosing strategies that reduce
the rapid early rise in plasma concentrations may be
considered in female mice. These include lowering ini-
tial dose and considering schedules or formulations that
prevent a Cpax spike, especially if intolerance appears.
Conversely, the male exposure profile is backloaded,
reflecting prolonged persistence driven by a longer termi-
nal half-life and greater apparent distribution of CBD and
its active metabolite, 7-OH-CBD. Under repeated dosing
conditions in mice, this profile may increase the likeli-
hood of accumulation, higher trough concentrations, and
slower washout. These findings suggest that preclinical
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dosing regimens in male mice may benefit from careful
consideration of dosing interval and frequency to avoid
unintended accumulation that could confound interpre-
tation of efficacy or safety endpoints.

Preclinical studies have reported some sex-dependent
differences in CBD exposure, although the available data
remain limited and without clear consensus. In rats, oral
CBD administration has been associated with a higher
C,ax in females compared with males, while elimination
rate constants were not consistently different (Child and
Tallon 2022). Also, sex-dependent behavioral responses
to CBD have been described. For example, Kaplan et al.
(Kaplan et al. 2021) reported significant sex differences in
spatial memory performance (Barnes maze) in C57BL/6]
mice following intraperitoneal CBD administration, and
Ledesma et al. (Ledesma-Corvi et al. 2022) observed sex-
dependent antidepressant-like effects in rats after intra-
peritoneal dosing. Although these studies demonstrate
biological sex influences on CBD-related outcomes, the
pharmacokinetic mechanisms underlying these differ-
ences were not clearly defined. Importantly, the present
study provides insights that may help reconcile some
of the mixed clinical observations reported in humans.
While Zhang et al. (Zhang et al. 2024) observed higher
plasma levels of 7-COOH-CBD in women and MacNair
et al. (MacNair et al. 2024) also reported greater con-
centrations of both 7-OH-CBD and 7-COOH-CBD in
women, neither study could determine the mechanistic
basis for the observed metabolite differences. The pres-
ent preclinical findings suggest that such differences may
arise from sex-dependent distribution and tissue reten-
tion of CBD and its metabolites rather than differences in
metabolic capacity.

Limitations of the present study include the fact that
a single, high IP dose was used. However, the CBD dose
(120 mg/kg) and IP route of administration utilized in
this study are consistent with extensive preclinical lit-
erature in mice, where this dose has been employed to
achieve quantifiable systemic exposure and to character-
ize the pharmacological and behavioral effects of canna-
binoids in mice models of epilepsy, neuroinflammation,
ethanol consumption and relapse, as well as depression
and anxiety (Deiana et al. 2012, Li et al. 2019, Viudez-
Martinez et al. 2018, Liu and Burnham 2019). This dosing
was specifically chosen to ensure that the primary metab-
olites, 7-OH-CBD and 7-COOH-CBD, remained above
the LLOQ throughout the 24-hour sampling period,
allowing for a comprehensive characterization of their
pharmacokinetic profiles. Furthermore, the single-dose
design permits clear characterization of the terminal
phase and associated pharmacokinetic parameters with-
out confounding from accumulation or time-dependent
effects. In addition, the IP route was chosen to provide
reproducible systemic exposure while minimizing the
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significant variability and low bioavailability (typically
between 6 and 19%) associated with oral administration
in mice. This approach allowed for a focused evaluation
of sex-dependent differences in the pharmacokinetics of
CBD and its metabolites. Given that IP dosing is extra-
vascular and may permit partial first-pass extraction, the
conclusion that sex differences are distribution-driven is
inferred from plasma data rather than direct measure-
ments of bioavailability. Studies examining tissue concen-
trations, plasma protein binding, or hepatic/extrahepatic
enzyme/transporter expressions were not performed, so
the observed effects could not be assessed with respect
to specific biological determinants. Future studies
employing repeated dosing could be used to assess sex
differences in accumulation and steady-state exposure.
Coupling such studies with tissue pharmacokinetic mea-
surements (e.g., liver, adipose, brain) would enable direct
evaluation of the proposed depot and help identify the
anatomical source of the larger Vz/F in males.

Conclusion

In summary, sex was shown to be associated with a sig-
nificant difference in the PK of CBD and its metabolites,
marked by higher early peaks in female mice and greater
persistence in male mice, despite comparable apparent
clearance. Therefore, this study demonstrates that sex
may be a critical variable influencing CBD disposition
in preclinical models and highlights the importance of
sex-informed PK study design and interpretation. Col-
lectively, these results provide a mechanistic framework
that may help inform future translational and clinical
investigations of CBD as its therapeutic use continues to
expand.

Abbreviations

AUCO_INF Area under the plasma concentration-time curve from
time zero to infinity

AUCO_24h Area under the plasma concentration-time curve from
time zero to 24 h

CBD Cannabidiol

CcL Clearance

CL/F Apparent clearance

Cmax maximum plasma concentration

CYP2C19 Cytochrome P450 2C19

CYP3A4 Cytochrome P450 3A4

FDA U.S. Food and Drug Administration

GPR55 G protein—coupled receptor 55

IP Intraperitoneal

LLOQ Lower limit of quantification

NCA Non-compartmental analysis

PK Pharmacokinetics

SD Standard deviation

) terminal half-life

max time to reach maximum plasma concentration

TRPV1 Transient receptor potential vanilloid type 1

UPLC-MS/MS Ultra-performance liquid chromatography-tandem mass
spectrometry

Vz/F Apparent volume of distribution

vd Volume of distribution

7-OH-CBD 7-hydroxy-cannabidiol

7-COOH-CBD 7-carboxy-cannabidiol
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Supplementary Material 1: Figure 1. Representative chromatograms of
blank mouse plasma with no added analytes except D3 internal standards,
screened for, (A) CBD; (B) CBD-D3; (C) 7-OH-CBD; (D) 7-OH-CBD-D3; (E)
7-COOH-CBD; and (F) 7-COOH-CBD-D3. Data shown are from a representa-
tive C57BL/6J mouse plasma sample and acquired in ESI+ mode following
protein precipitation and reversed-phase separation. No endogenous or
interfering peaks were observed at the respective analyte retention times.

Supplementary Material 2: Figure 2. Representative chromatograms of
CBD and its metabolites with their deuterated internal standard in blank
mouse plasma spiked with reference standards. (A) CBD; (B) CBD-D3;

(C) 7-OH-CBD; (D) 7-OH-CBD-D3; (E) 7-COOH-CBD; (F) 7-COOH-CBD-D3.
Blank mouse plasma was spiked with a reference standard mixture of
CBD, 7-OH-CBD, and 7-COOH-CBD at 400 ng/mL and an internal standard
mixture at 0.5 ppm, then processed and analyzed by UPLC-MS/MS. Data
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tion. Retention times and monitored mass transitions are annotated above
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