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The use of cannabis products in the treatment of epilepsy has long been of interest to researchers and clinicians
alike; however, until recently very little published data were available to support its use. This article summarizes
the available scientific data of pharmacology from human and animal studies on the major cannabinoids which
have been of interest in the treatment of epilepsy, including Δ9-tetrahydrocannabinol (Δ9-THC), cannabidiol
(CBD), Δ9-tetrahydrocannabivarin (Δ9-THCV), cannabidivarin (CBDV), and Δ9-tetrahydrocannabinolic acid
(Δ9-THCA). It has long been known that Δ9-THC has partial agonist activity at the endocannabinoid receptors
CB1 and CB2, though it also binds to other targets which may modulate neuronal excitability and neuroinflam-
mation. The actions of Δ9-THCV and Δ9-THCA are less well understood. In contrast to Δ9-THC, CBD has low af-
finity for CB1 and CB2 receptors and other targets have been investigated to explain its anticonvulsant properties
including TRPV1, voltage gated potassium and sodium channels, and GPR55, among others. We describe the ab-
sorption, distribution, metabolism, and excretion of each of the abovementioned compounds. Cannabinoids as a
whole are very lipophilic, resulting in decreased bioavailability, which presents challenges in optimal drug deliv-
ery. Finally, we discuss the limited drug-drug interaction data available on THC and CBD. As cannabinoids and
cannabis-based products are studied for efficacy as anticonvulsants, more investigation is needed regarding the
specific targets of action, optimal drug delivery, and potential drug-drug interactions.

This article is part of a Special Issue titled Cannabinoids and Epilepsy
Published by Elsevier Inc.
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1. Introduction

There has long been interest in the use of cannabis products in the
treatment of various medical conditions, including epilepsy. After cen-
turies of anecdotal reports of improvement with cannabis products
but limited human data to support their use, there has been a vast ex-
pansion of research (including recent double-blinded, placebo con-
trolled trials) investigating the pharmacologic potential of various
cannabis products as anti-epileptic drugs (AEDs). The cannabis plant
(Cannabis sativa) consists of around 100 compounds known as
phytocannabinoids, and the vast majority of research on cannabis prod-
ucts in the treatment of epilepsy has been done on the main
Tetrahydrocannabidiol; (CBD),
(CBDV), cannabidivarin; (Δ9-
eceptor potential; (VGCC), volt-
channel; (VGKC), voltage gated
r-activated receptor gamma;
se.
sity of Alabama at Birmingham,
2, Birmingham, AL 35249-0021,
psychoactive component, Δ9-Tetrahydrocannabidiol (Δ9-THC). There
has been more recent interest in investigating those compounds
which do not have psychoactive properties as potential AEDs [1], name-
ly cannabidiol (CBD), but also including Δ9-tetrahydrocannabivarin (Δ
9-THCV), cannabidivarin (CBDV), and Δ9-tetrahydrocannabinolic acid
(Δ9-THCA). These phytocannabinoids are structurally similar (see Fig.
1), but differ in regards to their pharmacology and actions by which
they have anticonvulsant effect. Here, we summarize the literature to
date on the mechanisms of action, metabolism, and interactions of the
above listed major phytocannabinoids, in order to gain a better under-
standing of the proposed pharmacology of cannabis products which
have potential for the treatment of epilepsy.

2. Mechanism of action

2.1. Δ9-THC

The pharmacology of Δ9-THC is perhaps the best understood of all
the phytocannabinoids and has been studied extensively since its
synthesis in 1964 [2]. The compound is responsible for themain psycho-
tropic effects of cannabis and use of synthetic, high-affinity analogues
led to the discovery of its CNS targets and identification of the
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Chemical Structure Potential Targets of Action in Epilepsy
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Fig. 1. Chemical structures of major phytocannabinoids and their possible targets by which they exert anticonvulsant effects.
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endocannabinoid system [3,4]. The best studied targets of Δ9-THC are
the endocannabinoid receptors, CB1R and CB2R, where it serves as a
partial agonist at sub-micromolar concentrations [5]. Primarily found
in the presynaptic terminals of CNS neurons, CB1 receptors are highly
expressed in limbic structures (amygdala, hippocampus, cingulate), ce-
rebral cortex, basal ganglia and select areas of themidbrain andmedulla
[6] and are a G-protein-coupled receptors which can modulate neuro-
transmitter release. Synaptic activitymodulates the on-demand synthe-
sis of anandamide (AEA) and 2-arachidonoyl-glycerol (2-AG), the
endogenous ligands for the CB-receptors in the post-synaptic terminal
and this signaling mechanism mediates several forms of short- and
long-term synaptic plasticity [7]. The crystal structure of the CB1 recep-
tor has recently been described, which may facilitate the design of the
new CB1 receptor ligands for therapeutic use [8]. The major expression
of CB2 receptors is in peripheral immune tissues such as the spleen,
lymph nodes, and bone marrow as well as on B-cells, macrophages,
and microglia where activation may lead to immunosuppressive re-
sponses [9]. There is also limited CB2-receptor expression in CNS
neurons including in the brainstem [10] and hippocampus [11] where
activation can affect neuronal excitability. In addition to its effects on
the canonical endocannabinoid receptors, Δ9-THC binds to and modu-
lates several other receptor targets in submicromolar or micromolar
concentrations including the transient receptor potential (TRP) cation
channels TRPA1, TRPV2, and TRPM8; the orphan G-coupled protein re-
ceptor GPR55; 5-HT3A receptor; the peroxisome proliferator-activated
receptor gamma (PPARγ); μ- and δ-opioid receptors, β-
adrenoreceptors, some subtypes of Ca, K and Na channels [5]. The func-
tional consequences of activation of these targets by Δ9-THC in vivo are
not completely understood.

Even before the pharmacology ofΔ9-THCwas delineated, in vivo and
in vitro studies demonstrated that the compound may have effects on
experimental models of seizures. Many of the studies in acute seizure
models demonstrated anticonvulsant effects of Δ9-THC or modulation
of anticonvulsant effects of traditional anti-seizure drugs though others
demonstrated no effects, mixed effects or proconvulsant effects [1].
There is CB1-receptor expression in human and experimental epilepsy
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[12]. The anti-seizure effects of synthetic CB1-receptor blockers and
modulators of endocannabinoid metabolism have also shown anticon-
vulsant effects in some but not all studies [1,13]. The mixed results in
seizure and epilepsy models of Δ9-THC and its analogues likely reflects
the complicated pharmacology of the compound as well as the diverse
effects of endocannabinoid signaling in the CNS, including impact on
both GABAergic and glutamatergic signaling [12]. Furthermore, there
is evidence of homeostatic control of CB1-receptor expression and ef-
fects in acute seizuremodelsmay differ from chronicmodels. Downreg-
ulation of CB1-receptor expression with chronic activation may alter
drug targets or change the functional impact of Δ9-THC. Only one case
series of 5 patients examined the effects of isolated Δ9-THC in human
epilepsy [14] and most case reports and case series suggesting efficacy
have used extracts from cannabis or other preparations containing
other cannabinoids [15].

2.2. Δ9-THCA

Delta-9-tetrahydrocannabinolic acid (Δ9-THCA)is the metabolic
precursor ofΔ9-THC, and it is found in high concentrations in living can-
nabis plants. It is decarboxylated to Δ9-THC through drying or burning
of the plant and it is thought to have little psychoactive properties. In
vitro experiments have demonstrated activation of TRPA1 and TRPV4
channels and blockade of TRPM8 channels at low micromolar concen-
trations. It inhibits diacylglycerol lipase alpha (DLGα, the key biosyn-
thetic enzyme for the endocannabinoid 2-AG) and cyclooxygenase-1
and 2, albeit at concentrations N 10 μM[16]. Little is known about the ef-
fects of this compound on epilepsy though there are anecdotes and
claims on the internet suggesting anti-seizure effects [17].

2.3. Δ9-THCV

Delta-9-tetrahydrocannabivarin (Δ9-THCV) is another cannabinoid
found in cannabis in varying amounts. LikeΔ9-THC, it is a partial agonist
of CB1/2 receptors and has some activity onGPR55, TRPA1 andTRPV1–4
receptors at submicromolar or lowmicromolar concentrations [5]. One
study has shown anti-seizure effects in in vitro and in vivo animal
models [18].

2.4. CBD

Unlike Δ9-THC, CBD has a very low affinity for the endocannabinoid
receptors by which Δ9-THC exerts its most meaningful anticonvulsant
effects [19]. A series of experiments showed the anticonvulsant proper-
ties of THC and CBD in the maximal electroshock and pilocarpine
models of epilepsy, elucidated that the anticonvulsant activity of THC
was modulated by its actions on the CB1 receptor, and that the mecha-
nism by which CBD has anticonvulsant properties was different
[20–22]. Therefore, research on CBD mechanisms has mainly been fo-
cused on CB1- and CB2-dependent mechanisms of action.

To date, a number of proposed mechanisms of action for CBD with
potentially anticonvulsant properties have been identified, though the
exact mechanism by which CBD possesses anticonvulsant activity re-
mains unknown. Cannabidiol acts as an agonist at human TRP channels,
specifically in the TRPV1 channel, which is in part responsible for calci-
um channel modulation [23,24]. How the TRPV1 channel may be in-
volved in epilepsy and thus how this action of CBD may carry
anticonvulsant effects is less clear [25]. Currently, there is not enough
evidence to support that CBD's agonist activity at TRPV1 can account
for its anticonvulsant effect [26].

Cannabidiol has a number of actions on ion channels which are
targeted by other anti-seizure drugs. Cannabidiol blocks human T-type
voltage gated calcium channels (VGCC) [27]. These low voltage-
activated channels are also blocked by a select number of AEDs such
as zonisamide and ethosuximide, though others such as levetiracetam,
lamotrigine, and eslicarbazepine target other VGCCs (L-, P/Q-, and N-
type) [28].

Cannabidiol also has voltage gated sodium channel (VGSC) blocking
abilities in vitro, but this action does not appear to necessarily confer an
anticonvulsant effect in vivo. Recent research has indicated that CBD can
preferentially target resurgent sodium currents over peak transient cur-
rents generated by bothwild-type Nav1.6 as well as the aberrant resur-
gent and persistent current generated by Nav1.6 mutant channels
(which can be seen in syndromic epilepsies such as Dravet Syndrome)
[29]. Given that recent Phase 3 Trials of CBD for the treatment of both
Dravet and Lennox-Gastaut Syndrome [30,31] have been completed,
the action on VGSCs should certainly be investigated further and is a
plausible mechanism of action by which CBD exerts anticonvulsant
properties in these disorders.

Other potential mechanisms for CBD's anticonvulsant abilities in-
clude modulation of various receptors. Cannabidiol exhibits affinity for
serotonin receptors 5-HT1A and 5-HT2A. Though this is not a convention-
al target for AEDs, the drug fenfluramine (which is a potent 5-HT releas-
er activating multiple 5-HT receptor subtypes, including 5-HT2A) may
be an effective treatment for seizures in Dravet Syndrome [32,33].
Other suggested mechanisms of CBD which could be anti-
epileptogenic include antagonismatG-coupledprotein receptor protein
55 (GPR55), modulation of adenosine (A1 and A2) receptors, voltage-
dependent anion-selective channel protein 1 (VDAC1), and tumor ne-
crosis factor alpha (TNFα) release, though more data are needed in
order to determine not only CBD’s action on these but also the role
they may play in epilepsy and other medical conditions [34–37].

2.5. CBDV

Very little data exist on the proposed mechanisms of action of CBDV
(the propyl variant of CBD), though it is presumed its actions are similar
to CBD. Of importance, however, is that CBDV in isolation has been
shown to have anticonvulsant properties in maximal electroshock and
audiogenic seizuremodels inmice and PTZ andpilocarpine-induced sei-
zures in rats [38]. And, though specific mechanisms for CBDV's anticon-
vulsant properties have not yet been elucidated beyond its chemical
similarity to CBD, CBDV's mechanism also seems to be CB receptor-
independent. A study comparing the anticonvulsant activity in canna-
bis-derived botanical drug substances (BDSs) rich in CBDV but also con-
taining THC and purified CBDV showed that the BDSs had greater
affinity to the CB1 receptor than the purified CBDV [39].

3. Metabolism

3.1. THC

The pharmacokinetics of Δ9-THC are perhaps best studied of all the
phytocannabinoids. Absorption ofΔ9-THC is significantly dependent on
the route of administration. Smoked Δ9-THC has a bioavailability of
~25%with a rapid time to peak plasma levels (6–10min). Inhaled or va-
porized Δ9-THC has similar absorption and single dose kinetics with
bioavailability of 10–35% reported in the literature. Oral administration
has a bioavailability of ~6% and variable though solutions with sesame
oil or glycocholate may show improved absorption. Time to Cmax is
much longer than for smoked or vaporized Δ9-THC, between 2 and
6 h [40]. Sublingual administration using an oral mucosal spray such
as nabiximols, show similar bioavailability and single dose kinetics as
oral Δ9-THC though perhaps with less variability [41].

Highly lipophilic,Δ9-THC is rapidly distributed throughout the body.
The volume of distribution is estimated to be 3.4 L/kg and 95–99% is
protein-bound [42]. Significant amount of Δ9-THC is stored in adipose
tissue where it can be slowly released in the blood over days in chronic
users [43]. Δ9-THC can also cross the placenta [40].

Δ9-THC is hydroxylated in the liver by CYP2C9, 2C19, and 3A4 iso-
zymes into 11-OH-THC which is then further transformed to over 30
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metabolites. In addition, glucoronidation is responsible for most of the
phase II metabolism of Δ9-THC. About 65% of Δ9-THC metabolites are
excreted in the feces and 25% in the urine. There is also evidence of ex-
trahepatic metabolism of Δ9-THC in tissues that express cytochrome
P450 enzymes such as the brain [42]. The terminal half-life of Δ9-THC
is estimated to be 25–36 h [44].

3.2. Δ9-THCA and Δ9-THCV

Little is known about the pharmacokinetics of Δ9-THCA and Δ9-
THCV in humans though a phase II trial of Δ9-THCV in patients with
type II diabetes was recently completed (NCT02053272).

3.3. CBD/CBDV

LikeΔ9-THC, CBD and CBDV have lowwater solubility and poor oral
bioavailability, estimated to be 6% in humans [45], making oral adminis-
tration less than favorable. This is due to significant first-pass metabo-
lism in the liver and erratic absorption from the gastrointestinal tract
leading to unreliable pharmacokinetics [34]. Despite this, CBD and
CBDV have relatively rapid absorption with peak concentrations seen
around 2 h after oral administration in animal pharmacokinetic studies
[46]. Cannabidiol has and is being delivered in oil-based capsules and
oil-based suspensions in human studies, notably the sesame oil-based
suspension Epidiolex®. Other routes of administration of CBD for pain
indications have been investigated including nasal, sublingual, and
transdermal application. In an animal study, intranasal CBD was
absorbed within 10 min with a bioavailability of 34–46%, and steady
state plasma concentrations were achieved with transdermal gel appli-
cation at a mean of 15.5 h [47].

Cannabidiol has a high volume of distribution (approximately
32 L/kg), and is very lipophilic and highly protein-bound,which dictates
its pattern of distribution. There is rapid distribution to brain and adi-
pose tissue and about 10% is bound to red blood cells [48]. Given its lipo-
philicity, concern has been raised regarding the possibility of
accumulation over time with chronic use, especially in those with high
adiposity [34].

Like other cannabinoids, CBD is hepaticallymetabolized,with exten-
sive involvement of the cytochrome P450 system. After absorption, it is
rapidly hydroxylated to 7-OH-CBD. The enzymes CYP2C19 and CYP3A4
are primarily responsible for the hydroxylation, with potential involve-
ment of CYP1A1, CYP1A2, CYP2C9, and CYP2D6 [49]. 7-OH-Cannabidiol
is then further metabolized by the liver and then these metabolites are
excreted in the feces, with a small portion being excreted in the urine.
Half-life in humans is estimated to be 18–32 h [48]. Metabolism data
on CBDV are scant, but in an animal pharmacokinetic study, the half-
life was noted to be similar to that of CBD [46].

4. Interactions

4.1. Δ9-THC

Because it is primarily metabolized by CYP2C9, 3A4 and, to a lesser
extent, 2C19, drugs which induce or inhibit these cytochrome P450 iso-
zymesmay affectΔ9-THCmetabolism. For instance, coadministration of
valproate, a potent CYP2C9 inhibitor, can theoretically potentiate the
psychotropic effects of Δ9-THC by decreasing plasma clearance.

Some in vitro evidence exists that Δ9-THC is an inhibitor of CYP2C9,
2C19, 3A4, and 1A2 at concentrations of 26–44 μM [50,51] though one
in vitro study demonstrate that Δ9-THC increased the metabolism of
phenytoin, a CYP2C9 substrate [52]. The clinical significance of this inhi-
bition in humans is not known and there were no significant drug-drug
interactions reported in the clinical development of nabixamols, which
contains 50% 9-THC [51]. However, there are no human data on the im-
pact of Δ9-THC on serum anti-seizure drug levels.
4.2. CBD

Cannabidiol has a potent effect on particular CYP enzymes, which
could have implications for pharmacologic interactionswith othermed-
ications (particularly AEDs). CBD has been shown to be a potent inhib-
itor of CYP2C19, CYP2D6, and CYP2C9, and may inhibit members of
the CYP3 family [28,49,53,54]. Repeated administration of CBD may in-
duce members of the CYP2B family in animal models [34]. No interac-
tion data exist on CBDV.

To date, there are little data on drug interactions with CBD, particu-
larly in humans. A pharmacodynamics animal study using maximal
electric shock and audiogenic seizure models showed that CBD potenti-
ated the anticonvulsant effects of phenytoin by two-fold, and modestly
potentiated the effect of phenobarbital. Cannabidiol also reduced the
anticonvulsant properties of chlordiazepoxide, clonazepam, and
ethosuximide [55]. A recently published article revealed a clear drug-
drug interaction between CBD and clobazam in a group of 13 pediatric
patients. Clobazam and N-desmethylclobazam (active metabolite of
clobazam) levels increased in response to increasing doses of CBD, and
subjects more frequently reported sedation [56]. This interaction was
also identified in a group of 11 adults and 6 children taking concomitant
CBD and clobazam in an open-label study [57] Interactions with other
AEDs have not been investigated, though one could hypothesize that
AEDs which are metabolized by enzymes that are induced or inhibited
by CBD could be affected. Once potential interactions are identified,
they then need to be evaluated in the clinical setting to determine if
they are clinically significant.

5. Conclusion

There is accumulating evidence that some cannabinoids have anti-
convulsant properties in animal models of seizures and emerging evi-
dence for efficacy in human epilepsies. Despite this empiric evidence,
the mechanisms by which these compounds exert anti-seizure effects
are poorly understood. The major cannabinoids have multiple targets
within the CNS and canmodulate activity of neurons, glia, andmicroglia
and it is unknown which mechanism(s) are critical for therapeutic ac-
tions. The pharmacokinetic properties of Δ9-THC, Δ9-THCA, Δ9-
THCV, CBD, and CBDV also present unique challenges to use as thera-
peutic agents including low bioavailability and potentially erratic ab-
sorption in oral formulations, significant accumulation in adipose and
other tissues, and interactions with other drugs metabolized by the cy-
tochrome P450 system. Some of these problems may be overcome by
novel delivery systems (oromucosal, transdermal) or through synthesis
of related compounds with optimized properties. However, the poten-
tial interactionswith other anti-seizure drugs pose a particular problem
for patients with treatment-resistant epilepsy for whom polypharmacy
is the norm. For instance, in the case of clobazam, effects on the metab-
olism of the metabolite N-desmethylclobazam may potentiate medica-
tion side effects or confound interpretation of efficacy results [26,56]
Finally, as the recreational use of cannabis expands, it will become
more important to understand how compounds in the plant may affect
therapeutic agents and better screening, counseling andmonitoringwill
be necessary.
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