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Abstract
Cannabidiol (CBD) is a non-psychoactive substance that exerts numerous pharmacological benefits, including anti-
inflammatory and antioxidant properties. It has received attention as a useful substance for the treatment of intractable 
pain, seizures, and anxiety, and related clinical trials have continued. However, the CBD pharmacokinetic results between 
reports are highly variable, making it difficult to clearly identify the pharmacokinetic properties of CBD. The main purpose 
of this study was to identify CBD clinical pharmacokinetic properties through meta-analysis. In particular, we sought to 
derive valid, interpretable independent variables and interpret their pharmacokinetic parameter correlations in relation to 
the large inter-individual and inter-study variability in CBD pharmacokinetics. For this study, CBD-related clinical trial 
reports were extensively screened and intercomparisons were performed between internal data sets through systematic 
classification and extraction of pharmacokinetic parameter values. The candidate independent variables associated with 
interpretation of CBD pharmacokinetic diversity established and explored in this study were as follows: diet, tetrahydro-
cannabinol (THC) combination, sample matrix type, liver and renal function, exposure route, dosage form, CBD exposure 
dose, cannabis smoking frequency, multiple exposure. The results of this study showed that CBD pharmacokinetics were 
influenced (increased plasma exposure by approximately 2–5 times) by diet immediately before or during CBD exposure, 
and that THC was not expected to have an antagonistic effect on the CBD absorption. The influence of changes in liver 
function would be significant in CBD pharmacokinetic diversity. Due to decreased liver function, the plasma exposure of 
CBD increased 2.57–5.15 times compared to healthy adults, and the half-life and clearance showed a 2.58-fold increase 
and a 5.15-fold decrease, respectively. CBD can be rapidly absorbed into the body (time to reach maximum concentration 
within 3.18 h) by oral, transdermal, and inhalation exposures, and lipid emulsification and nanoformulation of CBD will 
greatly improve CBD bioavailability (up to approximately 2 times). The pharmacokinetics of CBD generally follow linear 
kinetic characteristics. The importance of this study is that it suggests key factors that should be considered in terms of 
pharmacokinetics in further clinical trials and formulations of CBD in the future.

 *	 Seung‑Hyun Jeong 
	 jeongsh@scnu.ac.kr

1	 College of Pharmacy, Sunchon National University, 
255 Jungang‑ro, Suncheon‑Si 57922, Jeollanam‑do, 
Republic of Korea

2	 College of Pharmacy and Research Institute of Life 
and Pharmaceutical Sciences, Sunchon National University, 
Suncheon‑Si 57922, Republic of Korea

http://crossmark.crossref.org/dialog/?doi=10.1007/s00210-024-03185-6&domain=pdf


	 Naunyn-Schmiedeberg's Archives of Pharmacology

Graphical Abstract

Cannabidiol pharmacokinetics

Diversity-related factors

Exposure routes

Oral

Intravenous
Transdermal
Inhalation

Formulations

Multiple exposures

Demographic 
(cannabis cigarette smoking)

Liver function
Sample matrix

Tetrahydrocannabinol
coadministration 

Diet 

Keywords  Cannabidiol · Pharmacokinetics · Clinical study · Independent variables · Pharmacokinetic parameters

Abbreviations
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CNS	� Central nervous system
CL	� Clearance
GML	� Glyceryl monolinoleate
MCT	� Medium-chain triglycerides

Introduction

Cannabis sativa contains over hundreds of cannabinoids 
(Radwan et al. 2021). Among these numerous plant can-
nabinoids, there are two major components that are receiving 
clinical attention: cannabidiol (CBD) and tetrahydrocannabi-
nol (THC). This is because they are ingredients related to 
the medicinal effects and side effects of cannabis (Richter 
et al. 2021). Moreover, CBD and THC are two of the most 
well-known compounds isolated from the Cannabis sativa 
plant (Richter et al. 2021). CBD is a non-psychoactive can-
nabinoid and is reported to have various pharmacological 
effects such as analgesic, anti-convulsant, anti-spasmodic, 
anti-emetic, anti-inflammatory, anti-oxidant, and neuropro-
tective (Kumar et al. 2021). On the other hand, THC is a psy-
choactive cannabinoid and is considered the main side effect 
of cannabis use causing euphoria and hallucination (Kumar 
et al. 2021). The pharmacological mechanisms of CBD and 
THC are very complex, and reports to date indicate that can-
nabinoid (CB)-1 and CB-2 receptors distributed in the body 
are closely related (Kumar et al. 2021; Richter et al. 2021). 
CB-1 receptors are mainly expressed in the central nervous 
system (CNS), including the brain, and THC is known to act 
as a very strong agonist for CB-1 receptors, causing various 

CNS side effects (Howlett and Abood 2017). However, CBD 
is known to have a relatively weak binding affinity to CB-1 
receptors and to exert pharmacological effects by interacting 
with CB-2 receptors, which are mainly present in peripheral 
and immune tissues (Howlett and Abood 2017).

CBD is reported to be highly effective in treating intracta-
ble epilepsy disorders (which are difficult to treat with exist-
ing anti-convulsants) such as Lennox-Gastaut and Dravet 
syndromes (Golub and Reddy 2021). Therefore, in clinical 
practice, attempts to utilize CBD as medicine have continued, 
focusing on its excellent medicinal effects. For example, a 
clinical trial of a CBD oral capsule formulation was attempted 
on a group of patients with multiple sclerosis and symptoms 
of neuropathic pain and spasticity (Hansen et al. 2024), and 
a phase 1 clinical trial of a nanoparticle CBD formulation 
as an anti-inflammatory was attempted (Vitetta et al. 2021). 
In addition, the development of CBD dry-powder inhaler 
(Devinsky et al. 2021) and sublingual wafer (Hosseini et al. 
2021) formulations and the results of phase 1 clinical trials for 
these were reported. In terms of safety, the content of THC in 
the formulation and its combined effects have also received 
attention. As mentioned above, unlike CBD, THC is a psy-
choactive cannabinoid and has been known to be the main 
cause of side effects such as acute memory impairments and 
psychotic symptoms in infrequent users (Englund et al. 2023). 
Therefore, the mixing ratio of CBD and THC in cannabis for-
mulations has been raised as an important point in reducing 
side effects from cannabis exposure (Englund et al. 2023). 
The 2018 Farm Bill defined hemp as Cannabis sativa plant 
parts containing concentrations of THC of no more than 0.3% 
of dry weight (Johnson et al. 2022). And based on this, it has 
been implied that it would be better for CBD formulations to 
be applied as medicine to contain less than 0.3% THC or not 
include it at all. However, one recent report (Englund et al. 
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2023) suggested that the mixing ratio of CBD and THC in 
cannabis formulations may not have a significant impact on 
the side effects caused by cannabis. There is still ongoing 
debate as to whether the combination of CBD and THC in 
cannabis formulations offers an advantage or disadvantage 
in terms of clinical effectiveness and safety over CBD alone 
(Pennypacker and Romero-Sandoval 2020).

Even in recent years, as many countries (such as Canada, 
Uruguay, Thailand) have legalized the use of cannabis for rec-
reational and general medical purposes, human exposure to 
CBD is increasing globally (Kumar et al. 2021). Despite the 
increasing exposure to CBD in daily life and clinical practice, 
the clarity of CBD’s clinical pharmacokinetic information is 
still unclear, and the dosage regimens of CBD in clinical appli-
cations are dependent on empirical aspects. The difficulty in 
determining the pharmacokinetic properties of CBD may be 
related to several reasons: there is considerable inter-individual 
pharmacokinetic variability; clear standardization into specific 
formulations by exposure route has not been achieved; there are 
practical difficulties (including cost and trial permission) in con-
ducting large-scale clinical trials; exposures to CBD are often 
combined with multiple concomitants, such as THC, rather than 
as a stand-alone ingredient. The reason for the significant inter-
individual pharmacokinetic variability of CBD may be that 
large differences in bioavailability between individuals occur 
due to formulations that are not standardized along with the 
physicochemical properties (especially highly fat soluble [log 
P value of approximately 6.5]) of CBD (Stasiłowicz-Krzemień 
et al. 2023). There are even large differences in results between 
clinical trial reports of CBD, which poses a major obstacle to 
understanding CBD pharmacokinetic properties and is a factor 
that adds to the confusion in clinical application.

Therefore, attempts to more comprehensively interpret 
and analyze the pharmacokinetic properties of CBD were 
required. In particular, it was suggested that the exploration 

of factors related to CBD pharmacokinetic diversity and the 
integrated analysis of their influence degree would be useful 
in greatly reducing the gaps in existing knowledge about the 
pharmacokinetic properties of CBD. In this study, screen-
ing and integrated interpretation of CBD pharmacokinetic 
properties in vivo were performed based on meta-analysis of 
CBD clinical reports, considering research necessity, clinical 
importance, and increasing social interest. Interpretations 
based on meta-analysis will be able to present results on 
CBD’s pharmacokinetic properties and diversity-related fac-
tors. The results of this study are expected to be useful data 
in designing additional prospective clinical trials of CBD in 
the future. In addition, it is expected to be a useful reference 
in accelerating the establishment of CBD’s scientific clinical 
regimens and standardizing and developing formulations for 
each CBD exposure route.

Methods

Data collection

In this study, an extensive meta-analysis of CBD-related 
pharmacokinetic reports was first performed with reference 
to PRISMA guidelines and approaches (Sarkis-Onofre et al. 
2021). Figure 1 shows the PRISMA flow diagram. Scientific 
search engines such as Google Scholar, Medline, PubMed, 
Embase, and Web of Science were used in the meta-analysis. 
And the related past reports were collected by applying the 
core keywords of this study, such as CBD, pharmacokinetics, 
and clinical trials, and this was the primary data collection pro-
cess. The data collection period was from the start of the study 
until February 15, 2024, and officially published reports from 
the past to the present were the subject of this study. As a sec-
ondary data collection process, among the primary collected 

Fig. 1   Flowchart of systemic 
review and meta-analysis 
(PRISMA) for human phar-
macokinetic properties of 
cannabidiol
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data, data in which specific pharmacokinetic parameter values 
of CBD were not presented, data in which the demographic 
information of the subjects was not clearly confirmed, and 
data in which information such as CBD administration for-
mulation, exposure route, and dose were not clearly confirmed 
were excluded. As a result, comprehensive pharmacokinetic 
analysis and interpretation of CBD were conducted based on 
refined secondary data. Appendix shows the PRISMA check-
list results. In addition, a schematic diagram (expanded by pre-
senting a summary of PRISMA step details) of the extensive 
data collection and analysis strategies attempted to conduct this 
study is presented in Fig. S1.

Pharmacokinetic parameters

In this study, the following pharmacokinetic parameters 
were set as target-dependent variables for CBD pharmacoki-
netic analysis: maximum CBD concentration (Cmax) in sam-
ple matrix, time taken to reach maximum concentration of 
CBD (Tmax) in sample matrix, area under the profile curve to 
observed CBD concentration points (AUC​all) according to CBD 
exposure time, area under the profile curve to extrapolated CBD 
concentration points (AUC​inf) according to CBD exposure time, 
CBD elimination rate constant (Ke) in the sample matrix, CBD 
elimination half-life (T1/2) from the sample matrix, CBD clear-
ance (CL) in the body, CBD distribution volume (V) in the 
body. In extracting pharmacokinetic parameter values, param-
eter units that were different for each report needed to be unified 
to facilitate overall comparison. As a result, the units of Cmax, 
Tmax, AUC​all, AUC​inf, Ke, T1/2, CL, and V are unified as ng/mL, 
h, h×ng/mL, h×ng/mL, 1/h, h, L/h, and L, respectively. Phar-
macokinetic parameter values presented in each report were 
mostly presented as mean values, with a mixture of arithme-
tic and geometric means. In general, with the assumption that 
there will be no significant numerical difference between the 
arithmetic and the geometric mean values, compared to other 
independent variable elements, the type of mean value will have 
a relatively negligible impact on CBD pharmacokinetic vari-
ability, so the arithmetic and geometric means were reflected as 
the values presented in the report without separate unification. 
The values presented along with the mean, standard deviation, 
standard error, or range were different for each report, but these 
were also reflected as the values presented in the corresponding 
report without separate unification. Because complete raw data 
cannot be secured, it was judged that arbitrary changes in values 
would cause misinterpretation of the reported results.

Setting of independent variables

In the pharmacokinetic analysis of CBD, categorical inde-
pendent variables were required to be compared between 
internal data sets. The independent variable items set were 

as follows: effect of diet on CBD pharmacokinetics, impact 
of THC combination on CBD pharmacokinetics, impact 
of sample matrix on CBD pharmacokinetics, influence of 
hepatic and renal functions on CBD pharmacokinetics, effect 
of exposure route on CBD pharmacokinetics, effect of for-
mulation on CBD pharmacokinetics, CBD pharmacokinetic 
properties according to CBD exposure dose, impact of can-
nabis smoking pattern on CBD pharmacokinetics, effect of 
multiple exposures on CBD pharmacokinetics. Within each 
set of independent variables, exposure routes and formula-
tion factors were classified into each large category factor. 
This was to facilitate comparison between factors within 
the set independent variables, as the CBD exposure routes 
and formulations in each report were very diverse and not 
standardized. Routes of exposure were classified as intra-
venous, inhalational, transdermal, and oral based on the 
information presented in the report. The transdermal classi-
fication primarily refers to applications of CBD through the 
oral mucosa (including sublingual and buccal). Formulation 
elements were classified based on the main forms of final 
human exposure to CBD, taking comprehensive consid-
eration of the formulation and exposure route information 
presented in the report. Intravenous exposure formulation 
categories included ethanolic solutions and ethanolic solu-
tions containing Tween 80. Inhalation exposure formulation 
categories included aerosol, dry powder, inhalation solu-
tions, nebulizer, smoking cigarettes, spray, and vaporized. 
The transdermal exposure formulation categories included 
spray, wafer, lipid droplet, and nanoparticle. Oral exposure 
dosage forms included capsule, food, solution, lipid drop-
let, nanoemulsion, powder, emulsified powder, emulsified 
solution, lipid emulsion, syrup, and nanocapsule. In the oral 
exposure formulation classifications, emulsion or emulsified, 
it was implied that the addition of a surfactant or physical 
homogenization was performed to increase the solubilization 
of fat-soluble CBD in the formulation.

Results and discussion

Table S1 presents a summary of pharmacokinetic results 
from CBD clinical trial reports. A total of 47 reports were 
included in this study. Comparison of CBD pharmacoki-
netic results was mainly possible through comparison of 
independent variables in intra-study. Comparison of phar-
macokinetic results in inter-study had great practical dif-
ficulties in controlling factors other than the independent 
variables being compared. In other words, there were differ-
ences between each report in terms of CBD exposure dose, 
administration route, use of THC in combination, and die-
tary status. In particular, CBD exposure doses varied widely 
(0.42 to 6000 mg) among reported pharmacokinetic stud-
ies, administration routes varied (such as oral, intravenous, 
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inhalation, and transdermal), and the formulations attempted 
were also diverse (such as solution, capsule, nanoformu-
lations, syrup, wafer). In addition, a significant number of 
reports have conducted studies on the pharmacokinetics of 
CBD using extracts of Cannabis sativa, and the content of 
THC incorporated in addition to CBD varies widely.

Effects of CBD pharmacokinetics 
with and without diet

Table 1 shows a summary of reported results (Nadulski 
et al. 2005; Stott et al. 2013a; Taylor et al. 2019; Crock-
ett et al. 2020; Sholler et al. 2022) to assess the effects of 
diet on CBD pharmacokinetics. Regarding oral exposure 
to CBD, the mean absorption rate of CBD into the blood 
stream through the gastrointestinal tract under fasted and 
fed conditions was inconsistent and varied between reports. 
In a report by Taylor et al. (Taylor et al. 2018), the mean 
Tmax of CBD tended to be smaller in the fed state (3.00 h) 
than in the fasted state (3.50–4.00 h). According to a report 
by Crockett et al. (Crockett et al. 2020), when a high fat 
diet was combined with oral administration of CBD, the 
mean Tmax(3.38 h) was lower than that of the fasted diet 
(3.75 h), but when it was combined with low fat (5.26 h), 
milk (5.88 h), and alcohol (5.76 h), the mean Tmax val-
ues increased. There was also a difference between fasted 
and fed states in the rate of CBD absorption through the 
transdermal (oromucosal), with mean Tmax lower in fasted 
(1.39 h) than fed (4.00 h) (Stott et al. 2013a). However, con-
sidering that the Tmax mean values in both fasted and fed 
states ranged from 1.39 to 5.88 h, and that the mean differ-
ence between fasted and fed states in the intra-study com-
parison was within approximately 2.5 h, it was suggested 
that the effect of diet on Tmax of CBD is unlikely to be very 
significant. In common with both oral and transdermal expo-
sure of CBD, the Cmax, AUC​all, and AUC​inf values of CBD 
were significantly increased in the fed state rather than the 
fasted state, and the extent was approximately 2- to 5-fold. 
This suggested that the absorption of highly fat-soluble CBD 
into the blood stream through the gastrointestinal tract was 
greatly enhanced with diet. Interestingly, it was suggested 
that transdermal absorption also increased with diet, which 
was interpreted to be an indirect effect due to increased over-
all body activity and blood flow rates after diet. The degree 
of absorption of CBD differed depending on the type of diet, 
and both milk and alcohol increased the absorption of CBD 
compared to fasted, but it was confirmed that the absorption 
of CBD increased significantly when accompanied by a diet 
with a high fat content. Both oral and transdermal expo-
sure to CBD generally had higher systemic CL in the fasted 
state compared to the fed state, ranging from approximately 
1.5 to 5 times. This implied that in vivo loss of exposed 
CBD would be significantly higher in the fasted state than 

in the fed state. The phenomenon of differences in CBD 
CL depending on dietary status may be related to the fact 
that the absorption of CBD administered in the fasted state 
into the blood stream was significantly lower both oral and 
transdermal. The estimated V values for CBD oral expo-
sure were higher in the fasted states than in the fed states, 
which may be related to significantly higher systemic CL 
(higher levels of CBD elimination from the blood) in the 
fasted states. Proceeding with a diet (1 h) following oral 
administration of CBD is unlikely to have a significant effect 
on the pharmacokinetics of CBD. According to a report by 
Nadulski et al. (2005), there was no significant difference in 
dietary progress after oral administration of CBD compared 
to CBD Tmax, Cmax, and AUC​all values in the fasted state, and 
the difference in mean values was within 10%. This suggests 
that the influence of diet on CBD’s pharmacokinetics (par-
ticularly absorption in the body) is likely to be determined 
by diet immediately prior to CBD exposure. As a result, in 
order to increase the absorption of CBD into the body, medi-
cation guidance such as taking it with or after a meal will be 
required. In a report on CBD pharmacokinetics using urine 
as a matrix, no significant differences were found in the Tmax 
and Cmax values of unchanged CBD excretion between fed 
and fasted states.

Impact of CBD pharmacokinetics 
with and without THC

It has been suggested that the combined use of THC and 
CBD may alter the pharmacokinetic properties of CBD by 
affecting the metabolism of CBD in the body. This is because 
THC and CBD have very similar chemical structures and 
are predicted to have some shared mechanisms in meta-
bolic pathways (such as phases I and II). Additionally, both 
THC and CBD are reported to be significantly metabolized 
in the liver via common CYP enzymes (such as CYP3A4 
and CYP2C19). To date, there are almost no prospective 
comparative studies on the pharmacokinetic results of CBD 
alone and CBD and THC combined in humans. In this study, 
we aimed to screen and explore the effects of the combined 
use of THC on CBD pharmacokinetics in humans through a 
retrospective pharmacokinetic meta-analysis. Table 2 shows 
a summary of reported results (Guy and Flint 2014; Bergeria 
et al. 2022; Sholler et al. 2022) to evaluate the effects of 
THC combination on CBD pharmacokinetics. In the Tmax 
comparison between the CBD alone and THC combination 
groups in inhalation exposure to CBD (Bergeria et al. 2022; 
Sholler et al. 2022), the mean Tmax (in urine and oral fluid 
excretion) increased when used in combination with THC, 
but no significant differences between groups were identified 
(p > 0.05). In a comparison of Tmax between the CBD alone 
and THC combination groups according to CBD transdermal 
exposure (Guy and Flint 2014), the mean Tmax (in plasma) 
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increased with CBD alone (2.17 h), but no significant dif-
ference between groups was found (p > 0.05). In both inha-
lation and dermal exposure to CBD (Guy and Flint 2014; 
Bergeria et al. 2022; Sholler et al. 2022), the Cmax (for values 
in plasma as well as excretion in urine and oral fluid) and 
AUC (in plasma) of CBD were commonly increased when 
combined with THC, and the magnitude of the increase was 
approximately 1.26 to 1.46 times. For inhalation exposure 
to CBD, the T1/2 of CBD based on the urinary excretion 
profile with THC coadministration was increased by an aver-
age of 1.66-fold compared to CBD alone. As a result, it was 
suggested that CBD’s absorption into the body would, on 
average, be increased further with the combination of THC. 
And it was predicted that the combination of THC would 
increase the bioavailability of CBD and improve its reten-
tion in the body. The phenomenon of increased absorption 
(through inhalation and transdermal) of CBD in the body 
according to the combined use of THC was interpreted to 
be because the more lipophilic nature of THC mixes with 
the physicochemical properties of CBD, increasing transfer 
and absorption into fat-soluble tissues in the body. It has also 
been suggested that THC may not play an antagonistic role 
in the absorption of CBD into the body. Therefore, in order 
to relatively increase the degree of absorption of CBD into 
the body, it may be necessary to consider the combined use 
of THC at a dose that does not cause side effects.

Effect of sample matrix on CBD pharmacokinetic 
parameter estimation

CBD pharmacokinetic parameter values in the reports were 
derived based on various biomatrices such as plasma, oral 
fluid, and serum. Therefore, it was required to compare and 
interpret the influence of sample matrix types on the esti-
mation of CBD pharmacokinetic parameter values. This 
is because it will be very important in selecting sample 
matrices and interpreting results between matrices in future 
CBD pharmacokinetic studies. Table 3 shows a summary 
of reported results (Schwope et al. 2011; Lee et al. 2012; 
Desrosiers et al. 2014; Newmeyer et al. 2014; Pichini et al. 
2020; Busardò et al. 2021; Pérez-Acevedo et al. 2021) to 
assess the impact of sample matrix type on the estimation 
of CBD pharmacokinetic parameter values. The mean Tmax 
values of CBD between sample matrices were all within 
3 h and there was no significant difference (p > 0.05). On 
the other hand, the mean values of Cmax and AUC​all showed 
large differences between sample matrices despite exposure 
to the same dose of CBD, and in particular, the differences 
between plasma and oral fluid in the CBD inhalation route 
were significant. That is, in the case of Cmax, the difference 
ranged from 13.45 to 70 times, and in the case of AUC​all, 
there was a 7.78-fold difference. In the case of oral exposure 
to CBD, the mean difference in Cmax and AUC​all between 

serum and oral fluid was 1.33 to 8.71 times, and the differ-
ence between sample matrices was relatively small com-
pared to the inhalation exposure route. In terms of estimated 
T1/2, the differences between serum and oral fluid accord-
ing to oral exposure to CBD were not large, ranging from 
1.16 to 3.11 times. Significant differences in CBD pharma-
cokinetic parameter values (particularly Cmax and AUC​all) 
between sample matrices following inhalation exposure may 
be associated with the inhalation formulation, mechanical 
factors (such as propellant), and variable respiratory condi-
tions between individuals. In other words, even if the CBD 
dose was the same, there would be large inter-individual dif-
ferences in inhalation patterns and respiratory physiological 
conditions, which resulted in a very large difference in the 
concentration of CBD detected in the biological matrix. On 
the other hand, in the case of oral exposure, although there 
may be differences between formulations, the differences 
in CBD concentrations detected in biological matrices due 
to the relatively uniform and simple administration method 
of ingestion through the gastrointestinal tract would not be 
relatively large. This implied that the wide variability in 
pharmacokinetic parameter estimates due to the choice of 
administration route must be clearly considered in clinical 
practice, and that caution is especially needed in the inter-
pretation of CBD pharmacokinetic results following inhala-
tion exposure.

Influence of liver and renal functions on CBD 
pharmacokinetics

CBD is reported to be metabolized in the body primarily 
in the liver and excreted in feces and urine via the kidneys. 
Therefore, the possibility that liver and renal functions are 
significantly related to the pharmacokinetics of CBD has been 
continuously raised. In theory, considering the basic phar-
macokinetic properties of CBD, hepatic and renal functions 
could each affect the metabolism and excretion of CBD in the 
body. Table 4 shows a summary of reported results (Taylor 
et al. 2019; Tayo et al. 2020) to assess the effects of hepatic 
and renal functions on CBD pharmacokinetics. Compared to 
the healthy adult group, the mean Tmax values in the patient 
group with impaired liver function ranged from 2.0 to 2.8 h, 
with no significant difference between the groups (p > 0.05). 
On the other hand, the mean values of CBD’s Cmax, AUC​all, 
and AUC​inf were increased in the patient group with impaired 
liver function compared to the healthy adult group, and the 
degree of increase increased as the degree of liver function 
decline increased. Cmax increased 2.57 times in the severe 
hepatic impairment patient group (381 ng/mL) compared to 
the healthy adult group (148 ng/mL), and AUC​all and AUC​inf 
increased from 4.13 to 5.15 times. The mean T1/2 and CL val-
ues of CBD in plasma increased and decreased, respectively, 
in the patient group with impaired liver function compared 
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to the healthy adult group, and the degree of increase and 
decrease increased as the degree of liver function decline 
increased. The mean T1/2 and CL values of CBD increased 
by 2.58 times and decreased by 5.15 times, respectively, in 
patients with severe hepatic impairment compared to healthy 
adults. This suggests that the degree of liver function has an 
important effect on the pharmacokinetics of CBD, and that as 
liver function declines, the exposure in the body can greatly 
increase due to decreased metabolism of CBD. Therefore, in 
the clinical application of CBD, it will be very important to 
establish a dosage that takes into account the liver functions of 
the patient group. In addition, it has been indirectly suggested 
that the combined use with drugs that significantly inhibit or 
induce liver metabolism may be a factor that changes CBD 
pharmacokinetic properties.

Compared to the healthy adult group, the mean Tmax val-
ues in the patient group with reduced renal function were 
2.0 to 2.5 h, with no significant difference between groups 
(p > 0.05). Compared to the healthy adult group, the mean 
values of Cmax, AUC​all, and AUC​inf in the patient group with 
impaired renal function were slightly increased, but the mag-
nitude was not significant (p > 0.05). And above all, as the 
degree of renal function decline increases, there has been no 
confirmed trend in which CBD exposure in plasma increases 
or decreases. Compared to the healthy adult group, the mean 
T1/2 and CL in plasma in the patient group with impaired renal 
function were slightly increased and decreased, respectively, 
but the magnitudes were not significant (p > 0.05). As with 
Cmax, AUC​all, and AUC​inf, certain trends were not identified 
in which CBD loss from plasma increases or decreases as 
the degree of renal function decline increases. As a result, it 
was implied that changes in CBD pharmacokinetic param-
eter values depending on renal function would not be signifi-
cant. The relatively small influence of renal function on CBD 
pharmacokinetics may be related to the rapid and extensive 
metabolism in the liver following body exposure to CBD, and 
subsequent excretion through the kidneys mainly in the form 
of metabolites. Under the assumption that the pharmacologi-
cal activity of CBD metabolites is largely lower than that of 
the parent form and that side effects are negligible, considera-
tion of renal function in the clinical application of CBD will 
not be as primary and important as liver function. To date, 
studies on the pharmacological activity of CBD metabolites 
are very lacking, and in the future, integrated pharmacokinetic 
analysis and pharmacological studies focusing on metabolites 
will need to be performed.

Effect of route of exposure on CBD 
pharmacokinetics

Reported possible routes of CBD exposure in humans vary, 
including oral, transdermal, inhalation, and intravenous. 
This may be related to the fact that CBD is used not only for 

medical and therapeutic purposes but also for recreational 
purposes, and that there are no clear scientific dosing regi-
mens and standardized administration guides. Depending 
on the route of exposure, CBD pharmacokinetic properties 
may be significantly affected, resulting in variations in phar-
macological effects. Therefore, comparing and confirming 
CBD pharmacokinetic properties according to exposure 
route will be very important in the development of future 
CBD formulations and in selecting the optimal administra-
tion route (to reach the target efficacy). Table 5 shows a 
summary of reported results (Ohlsson et al. 1986; Guy and 
Flint 2014; Guy and Robson 2014; Cherniakov et al. 2017; 
Swortwood et al. 2017; Atsmon et al. 2018a, b; Meyer et al. 
2018; Bergeria et al. 2022; Sholler et al. 2022) to evaluate 
the effects of CBD exposure routes on CBD pharmacoki-
netics. During CBD inhalation exposure, the mean plasma 
Tmax values ranged from 0.05 to 3.18 h, showing relatively 
rapid absorption into the blood stream. The mean Tmax val-
ues in oral fluid during CBD inhalation exposure were all 
very low, within 0.29 h. Upon exposure to CBD through 
oral ingestion, the mean Tmax values in plasma ranged from 
1 to 1.64 h, showing rapid absorption of CBD into the blood 
stream through the gastrointestinal tract. During the oral 
intake of CBD, the mean Tmax values in the oral fluid were 
low, from 0.47 to 3.30 h, suggesting that CBD is absorbed 
rapidly and extensively through the gastrointestinal tract. 
Upon transdermal exposure to CBD, mean plasma Tmax val-
ues were 1.63 to 3 h, indicating rapid absorption of CBD 
into the blood stream through the oral mucosa. Based on 
intra-study results of intravenous and inhaled CBD expo-
sure, estimated CBD bioavailability by inhalation route was 
15.16–29.09% (calculated based on the ratio of accessible 
AUC​all values). The mean values of Cmax, AUC​all, and AUC​
inf in plasma did not differ largely between oral, inhalation, 
and transdermal. The differences in mean Cmax, AUC​all, and 
AUC​inf values between oral and transdermal CBD exposure 
ranged from 1.01 to 4.2 times. The differences in mean Cmax, 
AUC​all, and AUC​inf values between oral and inhaled CBD 
exposure ranged from 1.34 to 1.43 times. The differences in 
mean Cmax, AUC​all, and AUC​inf values between inhalation 
and transdermal CBD exposures ranged from 1.25 to 3.68 
times. The mean plasma elimination rate constants for oral, 
inhaled, and transdermal CBD exposures ranged from 0.1 
to 0.98 1/h. Inhalation exposure showed large variability in 
CBD T1/2 in plasma, from 0.18 to 31 h, which was inter-
preted to be related to erratic CBD pharmacokinetic pro-
files in the elimination phase (related to variable patterns of 
CBD absorption by inhalation exposure route). On the other 
hand, the T1/2 values in plasma following transdermal and 
oral CBD exposures had relatively low variability, ranging 
from 1.09 to 3.21 h. The mean values of CL and V accord-
ing to CBD venous exposure were high at 74.4 L/h and 
2520 L, respectively, suggesting widespread distribution and 
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significant elimination of CBD in the body. The mean Tmax 
values for urinary excretion following inhalation and oral 
CBD exposures ranged from 1.28 to 5.33 h, suggesting rapid 
excretion through the kidneys following CBD exposure.

Influence of formulation on CBD pharmacokinetics

Reported CBD formulations for human application are 
diverse, ranging from simple lipid droplets and solutions 
to nanoformulations. As mentioned earlier, this may be 
related to the various possible routes of CBD exposure in 
the humans, including oral, transdermal, inhalation, and 
intravenous. It may also be related to the fact that CBD’s 
high lipophilic property limits its absorption and solubiliza-
tion in the body, and many formulation attempts (focusing 
on improving bioavailability) are continuing to overcome 
these limitations. As with other chemical drugs, even at the 
same dose and exposure route, the pharmacokinetic proper-
ties of CBD can vary greatly depending on the formulation. 
Therefore, comparing and confirming CBD pharmacokinetic 
properties according to formulations for each exposure route 
will be a very important reference for commercialization 
and standardization research of CBD formulations. Table 6 
shows a summary of reported results (Guy and Flint 2014; 
Swortwood et al. 2017; Knaub et al. 2019; Hobbs et al. 
2020; Izgelov et al. 2020; De Prá et al. 2021; Hosseini et al. 
2021; Williams et al. 2021; Abbotts et al. 2022; Bergeria 
et al. 2022; Berl et al. 2022; Sholler et al. 2022) to evaluate 
the effects of CBD formulations on CBD pharmacokinet-
ics. CBD inhalation exposure showed approximately 3.92 
times lower plasma Tmax and 1.73–3.65 times higher Cmax 
and AUC​all using nebulizer than aerosol. This suggests that 
using a nebulizer for CBD inhalation exposure can result in 
rapid body absorption and high bioavailability. Regarding 
CBD inhalation exposure through smoking cigarettes and 
vaporization, the Tmax values in oral fluid were the same, 
but the mean Cmax values tended to be higher for smoking 
cigarettes. This was interpreted to be related to the increase 
in CBD concentration in oral fluid due to various concomi-
tants contained in smoking cigarettes. In CBD transdermal 
exposure, CBD Tmax in plasma was the same between wafer 
(simple drug carrier matrix with amorphous holes to encap-
sulate CBD) and spray formulations at 4.5 h, and the Cmax, 
AUC​all, and AUC​inf values were all within 1.98 times and 
there was no large difference. In terms of CL, the mean dif-
ference between wafer and spray formulations was small at 
1.08 times. In CBD transdermal exposure, the CBD Tmax, 
Cmax, AUC​all, and AUC​inf values in plasma between the 
wafer and the lipid droplet (phytocomplex extract as a solu-
tion in medium-chain triglyceride oil) were all within 1.27 
times, with no large difference. In terms of CL, the mean 
difference between wafer and lipid droplet formulations 
was small at 1.12 times, and no significant difference was 

identified (p > 0.05). The results suggest that differences in 
CBD pharmacokinetics between wafer, spray, and lipid drop-
let formulations for CBD transdermal exposure are not large. 
The lack of significant differences in CBD pharmacokinetic 
results between transdermal exposure formulations may be 
related to the physiological environment of the oral mucosa. 
That is, the oral mucosa may not have acted as a major rate-
limiting step in CBD absorption (even if there were differ-
ences in formulation) due to its relatively high permeability 
to fat-soluble substances and its abundant vascular and lym-
phatic tissues. In oral exposure to CBD, the mean Tmax was 
relatively lower in nanoemulsion than in simple solution, 
powder, syrup, or capsule, and Cmax, AUC​all, and AUC​inf 
were higher. This may be related to the fact that CBD, which 
is fat-soluble, is well emulsified in nano size, making it eas-
ily absorbed into the body through the gastrointestinal tract 
upon oral exposure. When lipid emulsification progressed 
relatively well in CBD oral exposure formulations, the mean 
Tmax was low and Cmax, AUC​all, and AUC​inf were increased. 
This suggested that the solubilization process of highly fat-
soluble CBD is very important for systemic absorption of 
CBD through the gastrointestinal tract. Interestingly, differ-
ences in the absorption of CBD through the gastrointestinal 
tract according to its lipid component were identified. Lipid 
droplets composed of glyceryl monolinoleate (GML) had 
Tmax 2.68 times lower and Cmax and AUC​all 1.30–1.85 times 
higher than lipid droplets composed of medium-chain tri-
glycerides (MCT). This may be related to the fact that GML, 
with its partially hydrated long fatty acid chains, worked 
more effectively in emulsifying CBD than MCT, which is 
composed of relatively short- and medium-length fatty acid 
chains. Therefore, the types and content ratios of lipids and 
surfactants used in CBD formulation may have a significant 
impact on CBD pharmacokinetics, so the development of a 
standardized oral dosage form is urgently needed.

Dose linearity in CBD pharmacokinetics

CBD’s reported human application formulations and pos-
sible routes of exposure are diverse. And CBD still lacks 
clearly standardized formulations and dosage regimen set-
tings. Therefore, CBD exposure doses to the human are not 
standardized and are being attempted in a variety of arbitrary 
ways. Comparison of pharmacokinetic parameters accord-
ing to CBD exposure dose will be a very important refer-
ence for future dose extrapolation and development of new 
dosages by determining whether CBD has dose linearity. 
Table 7 shows a summary of reported results (Karschner 
et al. 2011; Stott et al. 2013b; Manini et al. 2015; Atsmon 
et al. 2018b; Devinsky et al. 2018; Schoedel et al. 2018; 
Taylor et al. 2018; Patrician et al. 2019; Perkins et al. 2020; 
Hosseini et al. 2021; Vitetta et al. 2021; Hansen et al. 2024) 
for performing comparison of parameter values across CBD 
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exposure doses in CBD pharmacokinetics. In the case of 
transdermal application of CBD, the spray formulation 
showed no large change in Tmax mean values of 1.0–4.0 h 
regardless of CBD dosage, and no trends in increase or 
decrease in CL and V were confirmed. In common, Cmax, 
AUC​all, and AUC​inf values increased as CBD dose increased. 
However, the increases were not exactly proportional to 
administered doses and were somewhat irregular. In the 
transdermal application of CBD, wafer and nanoparticle 
formulations had no significant difference in Tmax between 
CBD exposure doses (p > 0.05), similar to the spray formu-
lation, and the mean values of Cmax, AUC​all, and AUC​inf 
increased as the dose increased. However, the increases were 
not exactly proportional to the dose of CBD exposure. As a 
result, the pharmacokinetics of CBD transdermal formula-
tions could be interpreted as there is relatively no significant 
change in plasma CBD absorption and elimination rates as 
CBD dose increases, but exposure levels increase in a pat-
tern that is not directly proportional. In the case of oral CBD 
application, there was no large difference in plasma Tmax 
and T1/2 between CBD exposure doses in the capsule for-
mulation, and the mean Cmax, AUC​all, and AUC​inf values 
increased as CBD exposure dose increased. However, the 
degree of increase was not exactly proportional to the dose, 
as in transdermal formulations, and was irregular. When 
applying CBD orally, the solution formulations showed no 
large change in Tmax mean values of 3.67–6.13 h regardless 
of CBD doses, and no significant differences between dose 
groups were identified in CL and V (p > 0.05). On the other 
hand, the mean values of Cmax, AUC​all, and AUC​inf increased 
as the CBD dose increased, and the degree of increase was 
not exactly proportional to the CBD exposure dose. As a 
result, the pharmacokinetics of CBD transdermal as well as 
oral formulations could be interpreted as having pharma-
cokinetic properties close to linear kinetics. In the future, 
along with the development of standardized CBD formu-
lations and by conducting prospective large-scale clinical 
studies under tight control conditions of other factors exclud-
ing CBD exposure dose, the dose-linear pharmacokinetic 
properties of CBD will be able to be confirmed more clearly.

Impact of cannabis smoking pattern on CBD 
pharmacokinetics

Table 8 shows a summary of reported results (Desrosiers 
et al. 2014; Newmeyer et al. 2014; Swortwood et al. 2017) 
to assess the effects of cannabis smoking pattern on CBD 
pharmacokinetics. As demographic information, a com-
mon tendency was found to differ in CBD pharmacokinet-
ics between frequent and occasional smoker groups, which 
differed in the frequency of smoking exposure to cannabis 
cigarettes before the clinical trial. That is, when exposed to 

the same dose of CBD through oral and inhalation, the mean 
values of Cmax and AUC in sample matrices (plasma and oral 
fluid) were all increased in the frequent smoker group com-
pared to the occasional smoker group. The relative increase 
in CBD exposure in the frequent smoker group compared to 
the occasional smoker group may be related to the improve-
ment of CBD transit in the body due to the periodic use of 
cannabis cigarettes. It may also be related to the inhibition of 
CBD metabolic enzymes and exporting pumps in the body 
due to the periodic use of cannabis cigarettes. Since cannabis 
cigarettes are mixed with various concomitants in addition 
to CBD and THC, the possibility that the pharmacokinetic 
effects are caused by ingredients other than CBD cannot be 
ruled out. In order to clarify the causal effects of cannabis 
cigarette smoking frequency on CBD pharmacokinetics, 
future studies focusing on quantitative analysis of genetic 
expression according to frequency of exposure to cannabis 
cigarettes will need to be conducted. Based on this retro-
spective analysis study, the level of exposure to CBD in the 
patient group with a relatively high frequency of smoking 
cannabis cigarettes will increase, so demographic informa-
tion (such as smoking patterns) will need to be considered 
when setting CBD dosage.

Effect of multiple exposures on CBD 
pharmacokinetics

Table 9 shows a summary of reported results (Stott et al. 
2013b; Hosseini et al. 2021) to evaluate the effects of CBD 
multiple exposures on CBD pharmacokinetics. No large 
differences were identified in the overall pharmacokinetic 
results of single and multiple exposures to CBD in a trans-
dermal spray formulation. The mean Tmax values for sin-
gle and multiple exposures to spray CBD formulation were 
1.00–2.00 h, with no significant changes (p > 0.05) depend-
ing on the frequency of CBD exposure. Although the mean 
values of Cmax and AUC​all increased by up to 1.96 times 
during multiple exposures to CBD compared to a single 
exposure, the increase was not large in terms of statistical 
significance. Similar to the spray formulation, no large dif-
ferences were found in the overall pharmacokinetic results 
of single and multiple exposures to CBD in the transdermal 
wafer formulation. In other words, the mean values of Tmax, 
Cmax, and AUC​all during single and multiple exposures to 
CBD in wafer formulations did not correspond to significant 
differences (p > 0.05) between exposure frequency groups. 
Even in the estimated CL values, the differences between 
CBD single and multiple exposure groups were not signifi-
cant (p > 0.05), with differences within 2.43%. As a result, 
it was determined that there would be no large changes in 
pharmacokinetic properties (such as changes in body accu-
mulation, metabolism, and absorption rates) during multiple 
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exposures to CBD compared to single exposures. This was 
consistent with the linear kinetics of CBD pharmacokinetic 
properties previously estimated.

Exploring the influence of other factors on CBD 
pharmacokinetics

Additional factors that may cause inter-individual pharma-
cokinetic variability of CBD include gender and age. This is 
because, despite exposure to the same dose of CBD, the dis-
tribution and absorption of CBD in the body may vary signifi-
cantly due to physiological factors that have clear differences 
between genders. For example, CBD is a highly fat-soluble 
substance, so it would prefer to move into fatty tissues in the 
body. In women with a relatively high fat percentage, CBD dis-
tribution in the body may be widespread and elimination may 
occur slowly. Additionally, there will be clear differences in the 
degree of liver function (comprehensively considering enzyme 
expression and liver tissue development) depending on age, 
and as a result, the degree of metabolism according to expo-
sure to CBD may change significantly. This could be reason-
ably inferred from the fact that CBD exposure in plasma was 
significantly increased in the group of patients with impaired 
liver function compared to the normal healthy group. Most 
clinical studies of CBD were conducted on mixed populations 
of men and women, so it was limited to clearly compare CBD 
pharmacokinetic results by gender in this study. In addition, 
because the ages of the CBD clinical research target groups 
were mostly mixed up to old age, it was limited to compare 
CBD pharmacokinetic results by categorizing each age group. 
In future CBD clinical studies, prospective trials considering 
gender and age will need to be conducted.

Conclusion

The main purpose of this study was to more clearly interpret and 
understand the pharmacokinetic properties of CBD through inte-
grated data analysis due to the high variability in CBD pharma-
cokinetics between previously presented tests. This was because 
it was a very important preliminary work in accelerating the 
clinical application of CBD and access to precision medicine.

The nine key conclusions related to CBD human phar-
macokinetics drawn through this study are as follows: (1) 
Diet immediately before or during CBD exposure will 
increase the body’s exposure to CBD; (2) THC will not have 
an antagonistic effect on the absorption of CBD into the 
body; (3) the choice of sample matrix will be important in 
the estimation of CBD pharmacokinetic parameter values; 
(4) regarding the diversity of CBD pharmacokinetics, the 
effects of changes in liver function are likely to be relatively 
more significant than those of renal function; (5) CBD can 
be rapidly absorbed into the body through oral, transdermal, 

and inhalation exposure routes; (6) lipid emulsions and nan-
oformulations of CBD will greatly improve CBD bioavail-
ability; (7) the pharmacokinetics of CBD generally follow 
linear kinetic properties; (8) a history of frequent exposure 
to cannabis cigarette smoking may contribute to increased 
body exposure to CBD; (9) there will not be much change in 
pharmacokinetic properties according to multiple exposure 
to CBD compared to single exposure.

 Based on the results of this human pharmacokinetics 
review, the following clinical approaches could be proposed 
to improve the effectiveness and minimize side effects of 
CBD. When administering CBD, the effect of diet needs to 
be considered diet can cause increases in Cmax and AUC. In 
patients with liver disease, the CL of CBD may be reduced 
and the AUC may be significantly increased, so the degree of 
liver function of the individual needs to be considered when 
setting the dosage regimen. Even with the same dose of CBD, 
there are significant differences in pharmacokinetics between 
formulations, so changing to formulations other than those 
previously applied in clinical practice needs to be carefully 
considered. Since a history of frequent exposure to cannabis 
cigarette smoking may be related to increased Cmax and AUC 
of CBD, the results of screening for past and current cannabis 
cigarette smoking in the patient group before applying CBD 
need to be considered in setting the dosage regimen.

This study suggests that careful consideration of multiple 
factors that may influence CBD pharmacokinetic diversity 
will be essential in clinical practice. In the future, based 
on the results of this study, consideration of various factors 
that may affect changes in CBD pharmacokinetics may be 
reflected in prospective clinical study design and formula-
tion development processes.
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