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ABSTRACT

Aims: We herein investigated the inducibility of cytochrome P450 1A1 (CYP1A1l) by
A’-tetrahydrocannabinol, cannabidiol (CBD), and cannabinol, three major phytocannabinoids,
using human hepatoma HepG2 cells.

Main methods: The expression of CYP1Al and the aryl hydrocarbon receptor (AhR) was
measured by a quantitative real-time polymerase chain reaction and/or Western blotting.

Key findings: A°-Tetrahydrocannabinol and CBD concentration-dependently induced the
expression of CYPIA1l mRNA, whereas cannabinol showed little or no induction. Among the
phytocannabinoids tested, CBD was the most potent inducer of CYPIA1 expression. The
induction of CYP1A1 expression by CBD was significantly attenuated by the knockdown of
AhR expression with AhR small interfering RNAs. The role of protein tyrosine kinases
(PTKSs) in the CBD-mediated induction of CYP1A1 was then examined using herbimycin A, a
PTK inhibitor. The upregulation of CYPIA1 by CBD was significantly suppressed by
herbimycin A as was the induction by omeprazole but not 3-methylcholanthrene. The
inducibility of CYP1Al by CBD-related compounds was examined to clarify the structural
requirements for CBD-mediated CYP1A1 induction. Olivetol, which corresponds to the
pentylresorcinol moiety of CBD, significantly induced the expression of CYP1A1, whereas
d-limonene, CBD-2 -monomethyl ether, and CBD-2 ,6 -dimethyl ether did not.

Significance: These results showed that CBD may have induced human CYP1A1 expression
through the activation of PTK-dependent AhR signaling, in which two phenolic hydroxyl

groups in the pentylresorcinol moiety of CBD may play structurally important roles.
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Introduction

Marijuana is the most widely used illicit drug in the world. Its use is a growing
public health concern due to potential adverse effects such as dependence, association with
polysubstance use, increased risk of motor vehicle crashes, impaired respiratory function,
cardiovascular disease, and various health consequences [1]. Marijuana leaves contain at least
70 cannabinoids [2], with A’-tetrahydrocannabinol (A°-THC), cannabidiol (CBD), and
cannabinol (CBN) being the three main constituents (Fig. 1). A>-THC is the principal
psychoactive component of marijuana and has various pharmacological effects such as
catalepsy, hypothermia, antiinflammation, and antinociception [3]. CBD is not psychoactive,
but has several pharmacological effects such as antiepileptic, anxiolytic, and antiemetic
actions [4]. CBN is believed to exert minimal pharmacological effects on the central nervous
system.

Marijuana is commonly consumed by smoking. Previous studies reported that
habitual smokers of marijuana exhibited molecular and histopathological changes that were
similar to precancerous lesions observed in the bronchial epithelium of tobacco smokers [5,6].
Furthermore, an epidemiological study revealed a correlation between marijuana use and head
and neck cancer [7]. These findings suggest that a history of marijuana use may increase the
risk of developing cancer. Marijuana smoke includes various procarcinogenic polycyclic
aromatic hydrocarbons (PAHs) such as benzo[a]pyrene (B[a]P) and benz[a]anthracene [8-10].
These PAHs are metabolically activated by cytochrome P450s (CYPs) to exert genotoxicity

and carcinogenicity [11]. For example, B[a]P is metabolized by CYP1A1l and epoxide



hydrolase to a diol-epoxide, the ultimate carcinogen, the formation of DNA adduct by which
plays a critical role in tumor initiation [12]. Some PAHs are also known to potently induce the
expression of CYP1AL [11]. These findings indicated that the potency of the catalytic activity
of CYP1A1 and its expression levels are important risk factors for determining cancer
induced by marijuana use. Witschi and Saint-Francois [13] demonstrated that B[a]P
hydroxylase activity, an index of CYPI1 activity, was increased in the lung homogenates of
rats administered A’-THC. Furthermore, A’~THC has been shown to induce the expression of
CYPIA1 in mouse hepatoma Hepa-1 cells, primary human airway epithelial cells, and human
breast cancer MDA-MB-231 cells [14-16]. Phytocannabinoids are present in marijuana smoke
at markedly higher concentrations than PAHs [8,9,14]. A previous study estimated that the
content of A>-THC was approximately 9.3 mg per marijuana cigarette whereas the contents of
B[a]P and benz[a]anthracene were 22 and 56 ng per marijuana cigarette, respectively [14].
Thus, phytocannabinoids may also contribute to the induction of CYP1A1l by marijuana
components. However, it currently remains unclear whether major phytocannabinoids other
than A’>-THC, i.e. CBD and CBN, induce the expression of CYP1A1.

In the present study, we examined the inducibility of human CYP1A1 by the three
major phytocannabinoids (A’~THC, CBD, and CBN). We showed that CBD was the most
potent inducer of the expression of CYP1A1 in human hepatoma HepG2 cells. Furthermore,
the results of our study suggest that the induction of CYP1A1 by CBD was mediated through
aryl hydrocarbon receptor (AhR) signaling via the activation of protein tyrosine kinases

(PTKs).



Materials and methods
Materials

A°-THC, CBD, and CBN were isolated from cannabis leaves using a previously
reported method [17]. CBD-2 -monomethyl ether (CBDM) and CBD-2 ,6 -dimethyl ether
(CBDD) were prepared as described previously [18]. The purities of these cannabinoids were
determined to be above 97% by gas chromatography, except for CBDD, the purity of which
was 93% [19]. Other chemicals and materials were obtained from the following sources:
olivetol, d-limonene, and an anti-actin (20-33) antibody produced in rabbits from
Sigma-Aldrich (St. Louis, MO); 3-methylcholanthrene (3-MC) and omeprazole from Wako
Pure Chemical Industries, Ltd. (Osaka, Japan); herbimycin A from Funakoshi (Tokyo, Japan);
a rabbit polyclonal antibody against human AhR (H-211) from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA). All other chemicals and solvents used were of the highest quality

commercially available.

Cell culture and drug treatments

The human hepatoma HepG2 cell line was obtained from the RIKEN cell bank
(Tsukuba, Japan). These cells were maintained in minimum essential medium Eagle
containing nonessential amino acids (Sigma-Aldrich) supplemented with 10% fetal bovine
serum (BioWest, Nuaillé, France) and penicillin/streptomycin (Gibco, Grand Island, NY) in a

humidified atmosphere containing 5% CO; at 37°C. Cultures of approximately 80%



confluence in a 100-mm culture dish were used to seed for the following experiments. Cells
were seeded into a 6-well plate (1 x 10° cells/well) and 35-mm culture dish (0.2 x 10°
cells/dish) and cultured for 24 hr. Cells were then treated with phytocannabinoids,
CBD-related compounds, 3-MC, or omeprazole in serum-free medium for up to 12 hr.
Inhibition experiments were performed as described below. Cells were pretreated with
herbimycin A for 12 hr before treatment with the test compounds including CBD.
Phytocannabinoids and other test chemicals were prepared in ethanol and/or dimethyl
sulfoxide (DMSO). Control incubations had equivalent additions of ethanol and/or DMSO.

Ethanol and/or DMSO did not markedly influence cell viability at the final volume used.

RNA interference

Reverse transfections were carried out in 35-mm culture dishes (0.2 x 10° cells/dish)
using Silencer® Select Validated small interfering RNAs (siRNAs) for human AhR (ID#
s1199 and s1200), Silencer® Negative Control #1 siRNA, and siPORT™ NeoFX™
transfection agent (Ambion, Austin, TX) according to the manufacturer’s instructions.
Forty-eight hours after transfection with siRNA, HepG2 cells were treated with CBD and

3-MC for 6 and 3 hr, respectively.

RNA analysis
Total RNA was extracted from HepG2 cells using ISOGEN reagent (Nippon Gene,

Toyama, Japan). Reverse transcriptase reactions were performed with the SuperScript™ III



First-strand Synthesis SuperMix for qRT-PCR (Invitrogen, Carlsbad, CA). A quantitative
real-time polymerase chain reaction (qQPCR) was conducted using an ABI 7500 real-time PCR
system (Applied Biosystems, Foster City, CA) with Platinum® SYBR® Green qPCR
SuperMix-UDG gPCR (Invitrogen) according to the manufacturer’s instructions. The primers
used for mRNA measurements were as follows: CYP1A1,
5-GTCATCTGTGCCATTTGCTTTG-3 and 5-CAACCACCTCCCCGAAATTATT-3;
AhR, 5 -TGGACAAGGAATTGAAGAAGC-3 and
5-AAAGGAGAGTTTTCTGGAGGAA-3 . Values were quantified by the comparative Ct
method, and samples were normalized to B-actin; 5 -ATTGCCGACAGGATGCAGA-3 and

5 -GCTCAGGAGGAGCAATGATCTT-3 .

Western blot analysis

Whole cell lysates were prepared from HepG2 cells 48 hr after transfection with
siRNA as described previously [20]. SDS-PAGE was performed using 7.5% acrylamide gels
as described previously [21]. Total cellular protein (10 pg protein) was separated and
transferred onto a PVDF membrane. Immunodetection was performed using anti-human AhR
and anti-actin antibodies as primary antibodies and horseradish peroxidase-conjugated
anti-rabbit immunoglobulin (Amersham Biosciences Inc., Piscataway, NJ) as a secondary
antibody. Conjugated horseradish peroxidase was detected using Immobilon™ Western
Chemiluminescent HRP Substrate (Millipore, Billerica, MA), and bands were scanned with

ChemiDoc XRS (Bio-Rad Laboratories, Richmond, CA).



Statistical analysis

The significance of differences between the means of the various groups was
evaluated by means of a one-way analysis of variance followed by Bonferroni or Dunnett’s
post-hoc test. All statistical analyses were carried out with the program InStat (GraphPad

Software, San Diego, CA).

Results
Inducibility of human CYP1AI expression by A°-THC, CBD, and CBN in HepG2 cells

To characterize the inducibility of human CYP1AT1 by phytocannabinoids, the effects
of A>-THC, CBD, and CBN on CYP1A1 expression levels were evaluated with HepG2 cells.
A°-THC and CBD increased the expression of CYP1A1l mRNA in a concentration-dependent
manner; CYP1A1 mRNA levels at 50 uM A°-THC and CBD were 1.7- and 4.8-fold higher,
respectively, than control levels (Figs. 2A and 2B). In contrast, CBN had a less marked effect
on CYPIALI expression (Fig. 2C). CYP1A1 mRNA expression levels reached a maximum 6
hr after the treatment with CBD and then decreased (Fig. 2D). Under the current conditions,
A°-THC, CBD, and CBN did not influence the viability of HepG2 cells, as assessed by the

MTT and LDH assays (data not shown).

Role of AhR in CBD-mediated induction of human CYPIAI

The transcriptional activation of the CYPIA1 gene is mediated by the AhR, which is



a transcription factor of the basic-helix-loop-helix/Per-Amt-Sim family [22]. To clarify
whether the AhR was responsible for the induction of CYP1A1 by CBD, inducibility by CBD
was investigated using AhR knocked-down cells. When HepG2 cells were transfected with
AhR siRNA (ID# s1199), the expression of AhR was effectively diminished at the mRNA and
protein levels (Figs. 3A and 3B). The knockdown of AhR expression with AhR siRNA
significantly suppressed CYPIA1l expression levels induced by 3-MC (Fig. 3C). This
knockdown also efficiently reduced the CBD-mediated induction of CYP1A1 expression (Fig.
3D). These knockdown results were similarly observed in cells introducing another AhR

siRNA (ID# s1200) (data not shown).

Role of PTKs in CBD-mediated induction of human CYP1AI

The transcriptional activation of the CYPIAI gene through the AhR involves at least
two mechanisms; a ligand-dependent AhR activation by AhR agonists such as 3-MC [22] and
ligand-independent activation of PTK-dependent AhR signaling by omeprazole [23-25]. To
clarify the role of PTKSs in the induction of CYP1A1 by CBD, the effects of herbimycin A, a
PTK inhibitor, on inducibility by CBD were examined and compared with those by
omeprazole and 3-MC. The induction of CYP1A1 expression by omeprazole was effectively
suppressed by herbimycin A (Fig. 4A), whereas 3-MC-mediated induction was not influenced
by this inhibitor (Fig. 4B). The upregulated expression of CYP1A1 by CBD was significantly

decreased by herbimycin A (Fig. 4C), as was the case by omeprazole.



Structural requirements for CBD-mediated induction of human CYP1AI

To elucidate the structural requirements for CYP1A1 inducibility by CBD, the effects
of CBD-related compounds (Fig. 5A) on CYP1AT1 expression levels were investigated using
HepG2 cells. Olivetol, which corresponds to the pentylresorcinol moiety of CBD,
significantly upregulated the expression of CYP1A1 (Fig. 5B), whereas d-limonene, which
corresponds to the terpene moiety of CBD, did not. Furthermore, CBDM and CBDD, which
are the monomethylated and dimethylated derivatives of CBD, respectively, did not

significantly induce CYP1A1.

Discussion

Previous studies on the inducibility of CYP expression by marijuana components
have been conducted using experimental animals and cultured cells. Cannabis resin,
marijuana tar, and A>-THC have been shown to induce the expression of CYP1A enzymes
[13-16]. We herein demonstrated that CBD induced the expression of CYP1Al in HepG2
cells; inducibility by CBD was more potent than that by A’-THC. To the best of our
knowledge, this is the first study to show the induction of CYP1A expression by CBD;
however, the phytocannbinoid is known to be an inducer of CYP2B and CYP3A enzymes in
mouse livers [26]. The mean contents of A>-THC and CBD in dried plant preparations of
marijuana confiscated in the United States were estimated to be 4.5% and 0.4%, respectively,
although these contents varied widely [27]. In marijuana resin, which is commonly referred to

as hashish, the average contents of A°~THC and CBD were 14.1% and 2.5%, respectively [27].
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The plasma profiles of A>-THC and CBD after smoking a marijuana cigarette were shown to
be similar [28,29]. When the inducibility of CYP1A1 expression and the relative contents of
these phytocannabinoids are considered, CBD and A’~-THC may contribute to the induction of
CYPIAI by marijuana components.

As shown in Fig. 2D, CYP1A1l mRNA expression levels in the control group
transiently increased after the change to a serum-free medium without CBD. This was not
attributed to the induction of AhR expression by serum starvation because AhR mRNA
expression levels were not changed by the removal of serum from medium (data not shown).
Feng et al. [30] have shown that the expression of CYPIALI is transiently induced by
changing a culture medium in HepG2 cells. The medium change activated the AhR. However,
serum did not influence this induction. They found that tryptophan derivative(s) contained in
the autoclaved medium and mild photo-oxidized tryptophan in the medium prepared not
fleshly but two weeks earlier contributed to the induction of CYP1A1 by the medium change
although the precise chemical nature of these tryptophan compounds was not characterized. In
the current study, we used the commercially available, ready-made liquid medium. These
findings suggest that the transient induction of CYP1A1 in the control group observed in this
study may be due to the medium change rather than serum starvation.

Roth et al. [14] reported that A>-THC may induce the expression of CYP1A1 through
the AhR due to the lack of inducibility by A’>-THC in mouse Hepa-1 mutant cells lacking
functional AhR or its nuclear translocator genes. Our study with AhR siRNAs showed that

CBD induced the expression of human CYP1A1 through the AhR. We also confirmed that the
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induction of CYPIAI expression by CBD was effectively suppressed by herbimycin A, as
was that by omeprazole. Herbimycin A is a PTK inhibitor with selectivity to Src tyrosine
kinase [31,32]. Src-family kinases are non-receptor tyrosine kinases that consist of several
members including c-Src, Fyn, and Yes [33]. A previous study indicated that at least c-Src did
not participate in omeprazole-selective AhR signaling, suggesting the involvement of other
PTKs [25]. Omeprazole has been suggested to activate the AhR through the PTK-mediated
phosphorylation of Tyr*?® in the AhR [25]. The residue Tyr*?° in the AhR, which is located in
the PAS-B domain of the ligand-binding domain, may be a potential Src-kinase site. This AhR
signaling is omeprazole-selective because 2,3,7,8-tetrachlorodibenzo-p-dioxin-mediated AhR
activation was not affected by the mutation of Tyr*?° in AhR [25]. The interaction between
omeprazole and a cell surface molecule may initiate a signal transduction pathway involving
PTKs, leading to activation of the AhR. These results suggest that CBD causes PTK-mediated
AhR activation in a ligand-independent manner, similar to omeprazole.

Further experiments were performed to characterize the structural requirements for
the inducibility of CYP1A1 expression by CBD. The partial induction of CYP1A1 by olivetol,
but not d-limonene suggested that the pentylresorcinol structure in CBD was essential for
CYP1Al1 induction, whereas the whole structure of CBD was required for overall induction.
The methylation of either hydroxyl group in CBD failed to induce the expression of CYP1A1.
A hydroxyl group at the 2 -position in CBD was equivalent to the hydroxyl group at the
6 -position since there was free rotation of the phenyl ring around the chemical bond at the

1 -position (Fig. 1). These results suggested that both phenolic hydroxyl groups in the
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resorcinol moiety of CBD may be required for CYP1A1 induction.

Most AhR ligands are planar hydrophobic molecules such as B[a]P and 3-MC;
however, several ligands including omeprazole and bilirubin do not have this characteristic
[34]. A>-THC and CBN are nearly planar molecules because these phytocannabinoids have a
dibenzopyran structure (Fig. 1). On the other hand, CBD has a free rotatable structure
between the resorcinol and terpene moieties. Therefore, we initially expected A>-THC and
CBN rather than CBD to be good candidates for AhR ligands in marijuana constituents.
However, CBD more potently induced the expression of CYP1A1 than A’-THC and CBN.
Further studies are needed to clarify the mechanism underlying CBD-mediated CYP1AI
induction, involving the direct binding of CBD to the AhR and identification of PTK(s)
responsible for this induction.

It has been previously reported that marijuana tar exerts mutagenicity, as assessed by
the Ames test [10,35,36]. There are a lot of mutagenic and procarcinogenic compounds, such
as B[a]P, in marijuana tar [9,10]. For phytocannabinoids contained in marijuana tar, on the
other hand, the mutagenicity and carcinogenicity of A°-THC,
la,2a-epoxyhexahydrocannabinol, and 1S,2R-epoxy-CBD-2 ,6 -diacetate have been shown
to be negative [37-42]. However, the majority of phytocannabinoids including CBD have not
yet been characterized as mutagen/carcinogen or non-mutagen/non-carcinogen. Further
studies are needed to elucidate the mutagenicity and carcinogenicity of CBD besides the
biologic response of CBD exposure, such as DNA damage and tumor cell proliferation, both

in vitro (i.e. cancer cell culture system) and in vivo (i.e. animal tumor model system).
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Conclusion

We demonstrated that CBD as well as A>-THC induced human CYP1A1 expression.
Our results suggest that the induction of CYP1A1 by CBD is mediated through the activation
of PTK-dependent AhR signaling. Furthermore, two phenolic hydroxyl groups in the
resorcinol moiety of CBD may play pivotal roles in CYP1A1 induction, whereas the whole
structure of CBD is essential for overall induction. This study has provided useful information
to understand the mechanism underlying CBD-mediated CYP1A1 induction. Further studies
are required to determine a role of the phytocannabinoids including CBD in cancer

development induced by marijuana use.
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Legends for figures

Fig. 1. Structures of three major phytocannabinoids.

Fig. 2. Effects of major phytocannabinoids on expression of CYP1A1 mRNA in HepG?2 cells.
(A-C) HepG2 cells (1 x 10° cells/well) were treated with A>-THC (A), CBD (B), and CBN
(C) for 6 hr. (D) HepG2 cells (1 x 10° cells/well) were treated with or without 25 uM CBD

for the indicated periods. Data are expressed as the mean £ S.D. (n = 3).

Fig. 3. Effects of AhR knockdown on induction of CYPIA1 mRNA by 3-MC and CBD in
HepG?2 cells. HepG2 cells (2 x 10° cells/dish) were transfected with AhR siRNA (ID# s1199)
and incubated for 48 hr. (A) AhR expression levels were determined by real-time PCR. Data
are expressed as the mean = S.D. (n =3 or 4). **p < 0.01, ***p <0.001 vs control (Dunnett’s
test). (B) Detection of AhR and actin proteins in the cell lysates (10 pg protein). (C, D) Cells
were treated with 10 uM 3-MC for 3 hr (C) and 25 uM CBD for 6 hr (D). CYP1Al
expression levels were determined by real-time PCR. Data are expressed as the mean + S.D.
(n = 3 or 4). ***p < 0.001 vs control, ###p < 0.001 vs 3-MC or CBD alone (Bonferroni’s

test).

Fig. 4. Effects of herbimycin A on induction of CYP1A1 mRNA by omeprazole, 3-MC, and
CBD in HepG2 cells. HepG2 cells (1 x 10° cells/well) were pretreated with herbimycin A for

12 hr. Cells were treated with 50 uM omeprazole (A), 10 uM 3-MC (B), or 25 uM CBD (C)
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for 6 hr. Data are expressed as the mean = S.D. (n = 3). ***p < 0.001 vs control, ##p < 0.01,

###p < 0.001 vs omeprazole, 3-MC, or CBD alone (Bonferroni’s test).

Fig. 5. Inducibility of CYP1A1 mRNA by CBD-related compounds in HepG2 cells. (A)
Structures of CBD-related compounds. (B) HepG2 cells (1 x 10° cells/well) were treated with
each CBD-related compound at 25 uM for 6 hr. Data are expressed as the mean = S.D. (n =3

or 4). **p <0.01, ***p <0.001 vs control (Dunnett’s test).
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