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Abstract

Increasing public interest has resulted in the widespread use of hon-pharmaceutical cannabidiol
(CBD) products. The sales of CBD products continue to rise, accompanied by concerns regarding
unsubstantiated benefits, lack of product quality control, and potential health risks. Both animal
and human studies have revealed a spectrum of toxicological effects linked to the use of CBD,
including changes in organ weight, reproduction, liver function, blood pressure, and the immune
system, as well as gastrointestinal discomfort, fatigue, and changes in appetite. This review
centers on human-derived data, including clinical studies and /n7 vitro investigations. The objective
is to offer an overview of CBD-related hepatotoxicity, metabolism, and potential CBD-drug
interactions, thereby providing insights into the current understanding of CBD’s impact on
human health. 1t’s important to note that this review does not serve as a risk assessment but

seeks to summarize available information to contribute to the broader understanding of potential
toxicological effects of CBD on the liver.
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1. Introduction

Cannabidiol (CBD, 2-[(6R)-6-isopropenyl-3-methyl-2-cyclohexen-1-yl]-5-pentyl-1,3-
benzene-diol) was first isolated from the plant Cannabis sativain 1940. Its chemical
structure was determined in 1963.1:2 The most abundant chemical component found in
Cannabis sativa, responsible for its intoxicating effects, is delta-9-tetrahydrocannabinol
(THC). Despite CBD and THC having similar chemical structures, CBD lacks intoxicating
effects. The therapeutic potential of CBD has been the subject of intense research interest,
resulting in a growing body of literature that suggests CBD may be a promising therapeutic
agent for a wide range of conditions, including epilepsy, anxiety, depression, insomnia,
chronic pain, cancer, and neurodegenerative disorders, such as Parkinson’s and Alzheimer’s
disease.3®

To date, two CBD-based drugs, under the tradenames Sativex and Epidiolex, have been
approved by various regulatory authorities for specific, narrow conditions of use. Sativex
(Nabiximols) is an oral spray consisting of a 1:1 ratio of THC and CBD, and has been
approved since 2005 in Canada, the United Kingdom, and several other European countries
as an adjunctive treatment for spasticity in people with multiple sclerosis.5.7 However, it

is not currently approved for use in the United States. In 2018, the U.S. Food and Drug
Administration (FDA) approved Epidiolex, a CBD-based oral solution for the treatment of
seizures associated with two rare and severe forms of epilepsy, Lennox-Gastaut syndrome
and Dravet syndrome, in patients two years of age and older.® Subsequently, in 2020, FDA
approved the same Epidiolex oral solution for the treatment of seizures associated with
tuberous sclerosis complex in patients one year of age and older.? Epidiolex, branded under
the alternative tradename “Epidyolex”, was approved by the European Medicines Agency
(EMA) in 2019 for the same medical conditions.1°

The increasing public interest in CBD’s potential utility has promoted the sales of non-
pharmaceutical CBD products. The sales of CBD continue to increase annually in the United
States and other countries.11 The 2019 International Cannabis Policy Study online survey
reported that more than half of the participants (aged 16—65 years) in the United States (h =
30,288) and Canada (n = 15,042) claimed that they have used CBD products. Approximately
26% of respondents in the United States and 16% in Canada used CBD products in the

past 12 months.12 However, issues, such as unproven beneficial effects and the lack of
testing and product quality control guidelines, raise particular concern about consumer use
of non-pharmaceutical CBD.13 Research in animals and in humans has shown that CBD
may contribute to myriad toxicological effects, including changes in organ weight, fetal
development, reproduction, liver function, blood pressure, immune system function, and
genotoxicity. 11415 |n humans, the most reported side effects from CBD include diarrhea,
nausea, headache, fatigue, and changes of appetite and weight.16-20 Hepatic abnormalities
have been documented in human studies, and CBD-associated liver injury is one of the
FDA’s concerns regarding CBD.13

While multiple review articles on CBD’s toxicity potential have been published, and
should be read to gain a more comprehensive insight into the topic,:14:1521 this review
focuses mainly on the available human data, which includes clinical studies and /n vitro
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studies using human-derived cellular systems. This literature review does not serve as

a risk assessment; we only aimed to summarize the available data and information on
hepatotoxicity, metabolism, and the potential for drug-drug interactions associated with the
use of CBD.

2. Absorption, distribution, metabolism, and excretion (ADME)

The ADME profile of CBD varies considerably among species. This review summarizes the
ADME profile for CBD mainly based on available human data; interspecies differences are
discussed when considered relevant.

2.1. Absorption

2.2.

CBD is a lipophilic compound that undergoes first-pass metabolism when ingested orally.
A clinical trial conducted in the Netherlands on healthy adults showed that after a single
oral dose of 1,500 mg, CBD is rapidly and extensively metabolized to 7-hydroxy-CBD
(7-OH-CBD) and 7-carboxy-CBD (7-COOH-CBD) (Figure 1). A maximum CBD plasma
concentration (Crax) 0f 292.4 ng/mL was reached 4-5 hours after a single oral dose and the
Cnmax reached 1,385 ng/mL after multiple oral doses. The absolute bioavailability of CBD
was low due to rapid and extensive first pass metabolism.22 A different study in humans
similarly reported that, in healthy adults, plasma concentration peaked between 2—4 hours
after ingestion of a single oral dose of 5-20 mg/kg CBD, declining to the lowest plasma
levels 8 days after exposure. The authors also reported that plasma Cyay increased with
increasing dose.23

Some factors known to influence CBD absorption are food consumption and disease status.
For example, high-fat meals increase the oral bioavailability of CBD, in turn increasing
CBD plasma Cppax by ~5-fold in healthy adults.?2 and by 14-fold in adult patients with
refractory epilepsy.2* This increase in oral bioavailability could be linked to the lipophilic
nature of CBD. Additionally, a clinical trial conducted in subjects with impaired liver
functions suggested that liver status had little impact on CBD absorption, because CBD was
absorbed rapidly in all groups regardless of the severity of the hepatic impairment. The time
to maximum plasma concentration (Tmax) across all groups was 2-2.8 hours after a single
oral dose of 200 mg CBD, which is similar to what has been discussed previously. However,
the Cmax Was 2-fold higher in individuals with severe hepatic impairment when compared to
the healthy control group, indicating the importance of liver status.2>

Distribution

No data have been reported for the tissue distribution of CBD in humans, and the data
reported in animal studies are limited and equivocal. CBD and its metabolites demonstrate
high affinity for plasma proteins. In human, up to 92% of CBD binds to plasma protein,26-28
and 10% is bound to red blood cells.3 In an animal study focusing on CBD detection in
brain tissue, unchanged CBD and its metabolites were detected in the blood and the brain of
rodents following oral, intraperitoneal, or intravenous administration of CBD.?2 Intragastric
administration of CBD to rats results in higher hepatic CBD concentrations, which were 30-
to 50-fold higher than that what was detected in the brain.2? In contrast, a recent study did
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not detect CBD in the brain or liver of rats when an oral dose of 0.66 mg/kg CBD was
administered for 90 days. CBD was, instead, detected in kidney and heart, and at higher
levels in skin and muscle tissues.30

2.3. Metabolism

The metabolism of CBD and the production of its metabolites differ between humans and
other simple monogastric species, such as mice, rats, dogs, and non-human primates.31:32
In female mice dosed orally with CBD, the circulating levels of 7-OH-CBD and 7-COOH-
CBD were similar, while the circulating level of CBD was about 1.2-fold higher than

the two metabolites, with the ratio varying by dose and sex.32 In female rats, the level

of CBD was about 10-fold higher than 7-OH-CBD and was about 1.7-fold higher than
7-COOH-CBD, whereas in dogs, the levels of CBD are about 20-fold greater than 7-OH-
CBD and 7-COOH-CBD.32 Interestingly, a drug misuse study involving rhesus monkeys
and rats found that the metabolic profile of CBD was similar between the two species
following intravenous administration.3! Based on the information outlined in the Epidiolex
review package, 7-COOH-CBD occurs to a much greater extent (30-fold higher) than either
unconjugated CBD or 7-OH-CBD in pregnant New Zealand White rabbits.32 Similar to
rabbits, 7-COOH-CBD is the most abundant circulating CBD metabolite in human plasma,
followed by CBD and 7-OH-CBD.22:32 [mportantly, 7-COOH-CBD circulates at levels
50-fold greater than CBD in humans and represents at least 90% of the parent drug and
metabolites measured in plasma, and 7-OH-CBD circulates at levels of approximately 50%
of CBD in human plasma.32

Clinical trials in healthy volunteers and in children with epilepsy indicate that

CBD is metabolized into several hydroxylated and carboxylated metabolites after oral
administration. Consistently, 7-COOH-CBD and 7-OH-CBD are the two major metabolites
that were detected in the plasma of clinical trial participants.22:33 In animal models of
epilepsy, CBD and 7-OH-CBD demonstrated anticonvulsant properties, while the most
abundant metabolite, 7-COOH-CBD was inactive for this endpoint.22-32 Glucuronidated
CBD was detected in plasm of children with epilepsy.33

In vitro studies suggest that CBD undergoes cytochrome P450 (CYP)-mediate phase

I oxidation followed by glucuronidation via UDP-glucuronosyltransferase (UGT). A

study using human liver microsomes demonstrated that CBD was metabolized to eight
hydroxylated metabolites (6a-OH-, 68-OH-,7-OH-, 1”-OH-, 2”-OH-, 3”-OH-, 4”-OH-,
and 5”-OH-CBD) (Figure 1). Among them, 6a-OH-, 63-OH-, 7-OH-, and 4”-OH-CBDs
displayed relatively high abundance. Several CYPs, including CYP1AL, 2C19, 2D6, 3A4,
and 3A5 are involved in the biotransformation of CBD; of which, CYP3A4 and CYP2C19
are considered the principal phase | enzymes based on correlation analyses and inhibition
studies. CYP3A4 is involved in the formation of 6a.-OH-CBD, 63-OH-CBD, and 4-OH-
CBD; and CYP2C19 is involved in the formation of 7-OH-CBD.3* Beers et al. studied
CBD metabolism using human liver microsomes pooled from multiple donors, recombinant
CYPs, and CYP-selective inhibitors, and found that in addition to CYP2C19, CYP2C9
also played a significant role in the formation of 7-OH-CBD.3® Using bacterial membranes
(bactosomes) containing recombinant human CYPs or UGTS, a recent study by Havlasek
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et al. found that CBD was hydroxylated by several CYPs, of which CYP2C8, 2C19, and
2D6 played the major roles, while CYP3A4 played a minor role.36 Moreover, a recent study
demonstrated that NAD*- and NADPH-dependent microsomal enzymes contribute to the
formation of 7-COOH-CBD, with minor contributions by CYPs.37

In a study using human liver microsomes and 12 recombinant UGTs, CBD was found to
undergo limited glucuronidation. It was concluded that UGT enzymes such as UGT1AG9,
2B7, and 2B17 may be involved in the glucuronidation of CBD, but all formed a

minimal amount of the glucuronidated CBD product.38 In the study by Havlasek et

al., CBD was found to be glucuronidated mainly by UGT1A3, 1A7, 1A8, 1A9, and

2B7.36 Glucuronidation depends on upstream processing by enzymes such as CYP2C9 and
CYP3AA4, or hydroxylated metabolites of CBD.39

2.4. Excretion

Studies in animals and in humans have reported that a large portion of the administered CBD
dose is excreted intact, and to a less extent, in the form of glucuronide conjugated. In an
early clinical study in healthy volunteers, 16% and 33% of a single intravenous dose of 20
mg [3H] CBD was excreted unchanged within 72 hours in the urine and feces, respectively.
The significant portion of unchanged CBD excreted in the feces (33%), suggesting that some
of the CBD dose is not absorbed into the bloodstream and is instead eliminated from the
body through the digestive system.2 In healthy adults, the plasma half-life (T1/,) is about 70
h after ingestion of a single oral dose of 5-20 mg/kg CBD, suggesting that 2—3 weeks are
likely required to fully eliminate CBD.23

3. Toxicity

Common adverse effects include diarrhea, nausea, headache, fatigue, and changes in appetite
and weight.16-20.4041 A 4.week clinical trial was conducted in the Netherlands by Taylor

et al.18 where volunteers were administered orally a 750 mg pharmaceutical formulation

of highly purified CBD, twice daily; 97% of the study participants reported some adverse
effects. The most common adverse events reported were diarrhea (63%), headache (50%),
abdominal pain (47%), nausea (43%), and fatigue (33%). Other adverse events (>10%)
included dizziness, somnolence, skin rash, myalgia, and eosinophilia. All reported adverse
events were noted by the authors as either mild or moderate.18

Preclinical repeated-dosing oral toxicology studies in mice, rats, and dogs have reported
elevated levels of liver enzymes, such as alanine aminotransferase (ALT) and alkaline
phosphatase (ALP), and hepatocellular hypertrophy following oral doses of CBD.32

3.1. Liver toxicity in patients with epilepsy
In a multiple center clinical trial for evaluating long-term safety and treatment effects
of CBD in children and adult patients with treatment-resistant epilepsies, hepatotoxicity
was observed. Of 607 patients with a treatment duration of 48 weeks, 61 (10%) patients
had ALT or aspartate aminotransferase (AST) greater than 3 times the upper limit of
normal (ULN). Of these, 46 (75%) patients were concomitantly taking valproate,1” a known
hepatotoxicant.*2 Devinsky et al. also reported that elevated aminotransferase levels were
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observed in patients taking CBD oral solution at a dose of 20 mg per kg of body weight per
day or placebo, in addition to standard antiepileptic treatment.#3 Elevated aminotransferase
levels (ALT or AST level >3 times ULN) led to the withdrawal of 3 patients in the treatment
group and one patient in the placebo group; all of whom were taking sodium valproate. In
the 9 patients who had elevated ALT or AST levels and continued in the trial, the levels
returned to normal while they continued to receive CBD and sodium valproate. None of the
observed elevations in liver enzymes met the criteria for drug induced liver injury (DILI)
which include either: ALT =5 times ULN; ALP >2 times ULN; or ALT =3 times ULN and
total bilirubin =2 times ULN (i.e., Hy’s law) and all patients were reported to recover.

Lo et al. conducted a systematic review and meta-analysis of clinical trial data published
before February 2022, to investigate the possibility of an association between CBD use and
DILI. DILI was defined using the criteria of American Association for the Study of Liver
Disease and the American College of Gastroenterology’s guidelines. The results indicate
that CBD is associated with liver enzyme elevation (odds ratio of 5.85) and DILI (odds
ratio of 4.82), compared to the placebo. Based on the analysis, the authors noted that the
risk of DILI was likely low at CBD doses of <300 mg/day; elevated liver enzymes and

DILI were common adverse drug reactions associated with moderate-to-high doses of CBD.
DILI induced by CBD was strongly associated with high-dose CBD (=1000 mg/day) and the
concomitant use of antiepileptic drugs, particularly sodium valproate. The pattern of liver
injury was identified as hepatocellular in most cases, with some cases classified as a mixed
type of hepatocellular and cholestatic.*4

3.2. Liver toxicity in healthy adult volunteers

CBD-induced liver toxicity has also been observed in healthy adults. In an open-label
phase I clinical trial, 16 healthy adult volunteers were given a therapeutic dose of CBD
(1,500 mg/day, about 20 mg/kg bw/day in a 75 kg person) for approximately 3.5 weeks.
The notable biochemical abnormalities were an increase in serum ALT, AST, and GGT
(gamma-glutamy| transpeptidase). Out of 16 participants, 7 (44%) had peak serum ALT
values greater than the ULN, and 5 (31%) met the international consensus criteria for

DILI, with peak serum ALT values 5-times greater than the ULN. In this study, there

was no clear correlation between CBD plasma concentrations and peak ALT elevations,

but the authors surmised that interparticipant genetic variability likely contributed to
differences in transaminase elevations. Patient risk factors for ALT elevations, such as
CYP2C19 metabolizer status, were not identified in this study.® In fact, to date, there have
been no reports available regarding the effects of interindividual differences (i.e., genetic
polymorphism) in CYP on CBD metabolism and how they impact the susceptibility to liver
toxicity from CBD. Elevations in transaminases were also reported in a different clinical
trial in healthy volunteers, which examined the withdrawal effects from CBD (1,500 mg/
day) administration for 4 weeks. Of the 30 enrolled volunteers, two individuals (6.7%)
experienced moderate DILI with increased transaminases and associated DILI symptoms,
such as eosinophilia, chest pain, epigastric discomfort, regurgitation, and esophageal
discomfort. In addition, increased transaminase levels were observed in 12 volunteers (40%),
although the increased levels were less than 3-times greater than the ULN.18 Another open-
label phase I clinical trial study investigating CBD-drug interactions also reported elevations
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of transaminases in participants. In this study, 16 healthy volunteers were given a single dose
of caffeine (200 mg) on day 1 and then titrated CBD from 250 mg/day to 1,500 mg/day from
days 3 — 11, and subsequently 1,500 mg/day from days 12 — 27. Out of the total volunteers,
6 (37.5%) discontinued treatment before the end of the trial due to elevated ALT and AST.
One subject experienced a severe adverse event with ALT level greater than 8-times the
ULN.1® Together, these data suggest that CBD can produce liver injury, in the absence of
concomitant exposure to anti-epileptic medications like sodium valproate.

3.3. Liver toxicity in animals

Animal studies on CBD’s hepatotoxicity potential are mostly limited to CBD-containing
cannabis extracts, which likely carry different pharmacological and toxicological properties
than CBD itself. Ewing et al. investigated the hepatotoxicity of orally administered CBD-
rich cannabis plant extract (CRCE) for different exposure durations in male B6C3F1 mice.46
The authors noted that dose of 246 mg/kg extract was equivalent to 20 mg/kg CBD per

day, the maximum recommended human maintenance dose of CBD in Epidiolex. In the
acute toxicity study, mice were dosed with a single oral dose of either 0, 246, 738, or 2,460
mg/kg of CRCE (equivalent to 0, 20, 60, and 200 mg CBD/kg/day) and observed for 24

h. Clinical biochemistry analyses revealed moderate, but statistically significant (p < 0.01-
0.001), dose-dependent increases in both AST and ALT serum levels for the treatments of
738 mg/kg and 2,460 mg/kg. Administration of 2,460 mg/kg CBD led to marked elevations
of total bilirubin (>20-fold, p < 0.001). CBD also caused a dose-dependent induction of
several CYPs and UDP-glucuronosyltransferases (UGT), including Cyplal, 1a2, 2b10, 2el,
3a4, and 3all and Ugtlal and 2a3. In a sub-acute toxicity study, animals were dosed with
61.5, 184.5, or 615 mg/kg (equivalent to 5, 15, and 500 mg CBD/kg/day) CRCE daily

for 10 days. Histopathological evaluation identified hepatic cytoplasmic swelling in mice
dosed with 184.5 and 615 mg/kg CBD. Clinical biochemistry analyses indicated that mice
receiving 615 mg/kg CRCE (had significantly elevated total bilirubin, moderately high levels
of ALT and AST, but no significant increased ALP or GGT. In contrast, no significant
changes in these parameters were observed at lower CRCE doses. Gene expression analyses
suggested that similar changes in CYP and UGT occurred in the sub-acute study as were
observed in the acute study.

A recent study evaluated the toxicity of a Hemp-derived CBD isolate (purity = 99.08-
101.46%) administered for either 14 or 90 days in male and female Sprague Dawley rats.
Test animals were orally dosed with 0, 30, 70, or 150 mg/kg CBD for 14 days, or 0, 50, 80,
120, or 140 mg/kg CBD for 90 days. No treatment-related clinical chemistry changes were
noted in either study, including changes in AST, ALT, ALP, and total bilirubin.#’ However,
liver histopathological examination showed a dose-dependent increase in hepatocellular
hypertrophy in the 14-day study, which was consistent with an increase in liver weights.
Similarly, hepatocellular hypertrophy was also noted in the 90-day study; this effect resolved
after a 28-day recovery period where CBD administration was discontinued.
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4. CBD-Drug Interactions

Drug-drug interactions (DDIs) occur when two or more medications are co-administered.
The interactions between the drugs can alter their efficacy, pharmacokinetics, and adverse
effects. For example, one drug may alter the absorption, distribution, and metabolism of
another drug, leading to changes in its concentration and potentially its efficacy or safety
profiles. CBD has been reported to be a substrate, an inhibitor, or an inducer of certain CYP
enzymes,*148 and thus it can impact the activity of enzymes that play a crucial role in the
biotransformation of prescription drugs and xenobiotics, resulting in altered blood levels of
those chemicals. This can potentially lead to a higher risk of adverse reactions or toxicity
associated with the drugs or chemicals that have been absorbed. Regarding CBD-drug
interactions, it is important to go beyond the common side effects reported, like dizziness
and somnolence caused by co-administration of CBD and other sedating medications and
consider the potential for DDIs that can affect metabolism or potentiate toxicity outcomes.
To date, the available research has primarily focused on the evaluation of the effects of
CBD on concomitantly administered drugs. However, it is important to note that other
drugs may also affect the metabolism and toxicity of CBD. A number of review articles
have summarized the interactions of CBD and antiepileptic drugs,*®-5! anticoagulant and
antiplatelet drugs,>2 and anticancer drugs.53-55 A few noted cases are described below in
detail.

Thai et al. investigated the drug interaction of CBD and caffeine in 16 healthy volunteers
aged 18-60 years.19 Following coadministration of 200 mg caffeine and 750 mg CBD,
there was a 15% increase in Cyax and 88% increase in AUC¢ of caffeine, indicating an
increase in caffeine bioavailability. Therefore, there is an enhanced potential of experiencing
clinically significant adverse effects, such as insomnia, nervousness, restlessness, nausea,
increased heart rate, headache, anxiety, and chest paint, for individuals who consume high
doses of caffeine over a short period in conjunction with CBD.

Several studies have identified a pharmacokinetic interaction with clobazam, an
anticonvulsant and anti-anxiety drug, and CBD. In a study of 13 children taking clobazam
with purified CBD, the mean plasma level of N-desmethylclobazam was significantly
increased after administration of CBD compared to the pre-CBD baseline.?8 These increased
blood levels ultimately led to a reduction of clobazam dose due to the sedative effects of
high blood levels. This interaction might have been caused by CBD’s potent inhibition of
CYP2C19, the enzyme primarily responsible for the metabolism of N-desmethylclobazam.
CBD’s inhibitory effect on CYP2C19 was confirmed in an /n vitro study using recombinant
CYP2C19.57 More recently, the inhibitory effect of CBD on CYPs was studied in 18 healthy
adults who were administered cannabinoids and an oral CYP probe drug cocktail. This study
showed that oral CRCE inhibited several CYPs, with the inhibition potency order being
CYP2C19 > CYP2C9 > CYP3A > CYP1A2 (Figure 2). By contrast, CYP2D6 appeared to
be unaffected.>8 Unfortunately, the use of CRCE in this study does not allow the separation
between the effects of CBD alone and those of the other cannabinoids found in CRCE.

Gaston et al. studied the interactions between CBD and commonly used antiepileptic
drugs in 39 adults and 42 pediatric patients by measuring blood levels of antiepileptic
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drugs.>® With increasing oral CBD dose, significant increases in serum levels of
N-desmethylclobazam, topiramate, eslicarbazepine, zonisamide, and rufinamide were
observed. The authors suspected the observed interaction could be due, in part, to CBD’s
inhibitory action on CYP enzymes involved in the metabolism of these drugs. Additionally,
as noted above, patients taking valproate and CBD concomitantly showed increased ALT
and AST levels compared to patients not taking valproate, and no significant change in
serum levels of valproate was observed with increasing CBD dose.

One case report describes a clinically significant interaction between CBD, specifically the
Epidiolex formulation, and warfarin, the most used oral anticoagulant.t? In their study,

a 44-year-old Caucasian male with Marfan Syndrome enrolled in an open-label program

for compassionate use of CBD for the management of treatment-resistant epilepsy. At the
time of enrollment, the patient was taking warfarin (7.5 mg daily with a goal International
Normalized Ratio (INR) of 2-3). Due to its narrow therapeutic index, monitoring INR is
required to measure the effectiveness of warfarin. In this individual, a non-linear increase

in the INR was noted with increasing dose of CBD (5-35 mg/kg/day), and warfarin

dosage adjustments were made to maintain an acceptable INR level. This observation likely
occurred due to competitive phase | metabolism, where CYP2C9 and 3A4 are the dominant
enzymes for warfarin hydroxylation; CBD is a substrate for both of there CYPs. Thus, CBD
use may increase warfarin plasma concentrations and INR, potentially increasing the risk of
bleeding complications.

5. Summary

While CBD shows promise as a therapeutic agent, especially for certain medical conditions
like treatment-resistant epilepsy, it is important to consider the potential adverse effects

and the need for further research to ensure its safe and effective use. With regard to the
potential liver toxicity of CBD, animal studies have shown that CBD can induce liver
injury, hepatocellular hypertrophy, and changes in liver enzymes. Similar observations have
been reported in some clinical studies involving patients with treatment-resistant epilepsies,
both in children and adults. Elevated levels of liver enzymes, such as ALT, were observed
in some patients, particularly when CBD was co-administered with other drugs, such as
sodium valproate. However, hepatotoxicity was also observed in healthy volunteers without
concomitant medications, suggesting that CBD’s effects on the liver may be the result of
direct drug-induced damage to the hepatocytes.

Despite the breadth of data discussed in this review, there are knowledge gaps that need

to be addressed. As reported, most data are from clinical studies, so further research,
especially mechanistic studies using /n7 vitro and in vivo models are needed to understand
fully the metabolism, liver toxicity, and potential drug-drug interactions of CBD. General
toxicity testing in cells, particularly human-relevant cell models,®162 is of importance for
evaluating CBD’s toxicity. Molecular and biochemical approaches to elucidate the in-depth
mechanisms of CBD’s cytotoxicity should also be implemented. To date, there are a

limited number of studies that provide mechanistic insight into CBD toxicities, such as
CBD-inhibited mitochondrial function in cultured cells.53 Recently, we found that cell cycle
disturbances, apoptosis, and ER stress are associated with CBD-induced hepatic cytotoxicity
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(unpublished data). Identification of variations in CYP enzymes that are responsible for
CBD’s metabolism could help indicate potential for CBD-drug interactions, and in turn, help
assess CBD risks at individual levels.
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Figure 1.
Structures of CBD and its metabolites
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