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ABSTRACT: The phytocannabinoid cannabigerol (CBG) is the central biosynthetic precursor to many cannabinoids, including 
Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD). Though the use of CBG has recently witnessed a widespread surge 
because of its beneficial health effects and lack of psychoactivity, its metabolism by human cytochrome P450s is largely 
unknown. Herein, we describe comprehensive in vitro and in vivo cytochrome P450 (CYP)-mediated metabolic studies of CBG, 
ranging from LC-MS/MS-based primary metabolic site determination, synthetic validation, and kinetic behavior using 
targeted mass spectrometry. These investigations revealed that cyclo-CBG, a recently isolated phytocannabinoid, is the major 
metabolite that is rapidly formed by selected human cytochrome P450s (CYP2J2, CYP3A4, CYP2D6, CYP2C8, and CYP2C9). 
Additionally, in vivo studies with mice administered with CBG, supported these studies, where cyclo-CBG is the major 
metabolite as well. Spectroscopic binding studies along with docking and modeling of CBG molecule near the heme in the 
active site of P450s confirmed these observations, pointing at the preferred site-selectivity of CBG metabolism at the prenyl 
chain over other positions. Importantly, we found out that CBG and its oxidized CBG metabolites reduced inflammation in 
BV2 microglial cells stimulated with LPS. Overall, combining enzymological studies, mass spectrometry, and chemical 
synthesis, we showcase that CBG is rapidly metabolized by human P450s to form oxidized metabolites that are bioactive. The 
study reveals the structure-activity relationship of CBG metabolites and analogs to their anti-inflammatory activity.

INTRODUCTION  

Cannabigerol (CBG, 1, Figure 1) is often referred to as the 
mother of phytocannabinoids (pCBs) since most of the pCBs 
in the cannabis plant, including Δ9-tetrahydrocannabinol 
(Δ9-THC, 3) and cannabidiol (CBD, 4) are synthesized from 
the related cannabigerolic acid (CBGA, 2).1 
Phytocannabinoids demonstrated beneficial effects in the 
treatment of pain, cancer, asthma, and arthritis,2–4 and while 
most research has been focused on major constituents Δ9-
THC and CBD, CBG is increasingly being used for medicinal 
purposes owing to its non-psychotropic behavior and wide 
range of pharmacological effects.5 It was postulated that 
CBG mimics the endocannabinoids due to its versatility in 
physiological function;6 however, conclusive mechanistic 
work is still required in this regard. Recent studies have 
shown that CBG interacts weakly with the cannabinoid 
receptors (CBR1 and CBR2),7,8is the most potent ligand of 
transient receptor potential (TRPV1) among the 
phytocannabinoids,9 and can also activate α2 adrenoceptor 
(α2-AR).10 Recently it has been found that CBG 
administration in C57BL/6J male mice can reduce blood 
pressure through α2-AR mechanism.11 However, unlike 
CBD or THC, CBG exhibits a unique interaction with 5-
hydroxytryptamine (5-HT1A), associated with neuronal 

firing and release of neurotransmitter.12 Moreover, CBG is 
known to exhibit anti-pain properties without any 
psychotropic side effects.13 In humans, CBG proved effective 
in human inflammatory bowel diseases5 and, similar to 
eicosanoid - epoxyeicosatrienoic acids (EETs), CBG reduces 
the eye pressure in glaucoma.14 CBG is neuroprotective in 
Huntington’s disease and is effective against methicillin-
resistant Staphylococcus aureus MRSA.15,16 Overall, there is 
potential that CBG will maintain the homeostasis in the 
body when the endocannabinoid system is disrupted in 
different diseases states.13  

Structurally, CBG is monocyclic, containing linear prenyl 
chain, and is unique among pCBs which are polycyclic, as 
exemplified with Δ9-THC and CBD (Figure 1). Consequently, 
the molecular pharmacology of CBG differs drastically; for 
example, the prenyl chain plays a crucial role in interacting 
with the amino acid residues and stabilizing the compound 
in the protein pocket of the aldose reductase (ALR2) 
enzyme which is involved in diabetic complications.17 
Interestingly, the prenyl chain is also required for the 
antibacterial activity, attributed to its ability to interact with 
the hydrophobic lipid membrane of bacteria.18  
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Since popularity and public use of CBG is gaining 
momentum,19 more studies related to this natural product 
are needed; in particular, not much is known about the 
metabolism of CBG by cytochrome P450s  (CYP) and 
pharmacology of its resulting metabolites. Metabolites 
often display different or even more potent bioactivities 
than their parent compounds. This has been shown with 
other major class of cannabinoids; for example, the CYP 
metabolite 11-hydroxyl-Δ9-THC is more psychotropic than 
Δ9-THC,20,21 and CYP metabolites of CBD have shown 
different pharmacological effects than CBD itself.22 
Therefore, in the view of CBG’s therapeutic potential, in-
depth metabolic studies are crucial for complete evaluation 
of pharmacological profile and for development of novel 
CBG-based leads for treatment of conditions related to 
inflammation, pain, or abnormal cell proliferation.23,24 Both 
the prenyl and the pentyl chains could be potential sites of 
metabolism for CYP enzymes. Indeed, previous in vitro 
work, involving microsome samples from different species 
and using GC-MS analysis, pointed that biotransformations 
occurs at multiple sites at the prenyl and pentyl chains.25 
Higher levels of 6ʹ,7ʹ-epoxide 5 formation and allylic 
hydroxylation products (C-8 and C-9) were obtained in 
species like mouse, rat, guinea pig, cat, and rabbit, indicating 
the higher preference of metabolism at the prenyl chain site. 
Interestingly, another constitutional isomer, 6, was also 
detected, albeit, in smaller quantities. However, due to the 
lack of authentic standards, oxidized products predicted 
from the mass spectrometry fragmentation pattern could 
not be validated.26,27,28 Therefore, it is pertinent to conduct 
a more holistic study on the metabolism of CBG by 
cytochrome P450s using synthesized authentic standards, 
as well as to evaluate their pharmacology for development 
of therapeutics. This study will reveal the structure-activity 
relationship of CBG metabolites and analogs to their anti-
inflammatory activity. 

CYPs are often involved in lipid metabolism and 
steroidogenesis within the body.29,30 In the case of major 
pCBs, different subclasses of CYPs are involved in their 
metabolism. For example, the CYPs identified in metabolism 
of THC are mainly CYP2C9 and CYP2C11,31,32 whereas 
CYP2D6 and CYP3A4 are involved in metabolism of CBD33. 
CBG has also been shown to cross the blood brain barrier34 
and regulate the appetite.35 Hence it is important to study 
the metabolism of CBG in the presence of different classes 
CYPs present in humans that are present in liver (CYP3A4, 
CYP2C9, CYP2C8, and CYP2D6) and brain (CYP2J2 and 
CYP2D6).36  

The two most common subtypes of CYP reactions are 
hydroxylation and epoxidation.37 The epoxides are 
generally electrophilic and are prone to modify DNA or 
proteins. The epoxides undergo rapid hydrolysis into diols 
mediated by epoxide hydrolases.38 Theoretical 
investigations using cytochrome P450 have been executed 
to understand the mechanism of epoxide formation by CYPs 
and how the structural properties of a drug determine the 
extent of epoxidation.39,40 Herein, we investigate the binding 
and kinetics of epoxidation of CBG in the presence of 
recombinantly expressed human CYPs. While CYP3A4, 

CYP2D6 and CYP2C9 are predominant drug-metabolizing 
CYPs, CYP2C8 and CYP2J2 are CYPs in the endothelium, 
cardiovascular system that are known to function as 
epoxygenases.41 In this study, we showcased that CBG is 
metabolized by human CYPs in vitro and by mouse CYPs in 
vivo to form two major metabolites, cyclo-CBG (7) and 6′,7′-
epoxy-CBG (5) as shown in Figure 1. Interestingly, the cyclo-
CBG (7) is a minor phytocannabinoid that was found in 
high-potency Cannabis sativa,42 and 6′,7′-epoxy-CBG (5) is a 
putative precursor to carmagerol.43 These CBG metabolites 
and several analogs (sesqui-CBG, carmagerol and 2ʹ,3ʹ-
dihydroxy-CBG) were chemically synthesized to further 
understand the structure-function relationship of their 
bioactivity. Additionally, we develop targeted 
metabolomics methods to measure the oxidized 
metabolites using the synthesized standards and 
demonstrate the enzyme kinetics of the CYP-mediated CBG 

metabolism. Finally, we measure the bioactivity of the 
metabolites and their CBG analogs and show that all of them 
are bioactive in an anti-inflammatory assay utilizing 
microglial cells. Taken together, these fundamental studies 
in this work will help direct further studies towards the 
development of CBG-based therapeutics and understand 
structure-activity relationships of CBG metabolites and 
analogs. 

Figure 1. Schematic representation of metabolism of can-
nabigerol (CBG) in presence of Cytochrome P450 enzyme 
(CYP). Epoxidation of CBG in presence of oxo-heme complex 
(prosthetic group of CYP, known as compound I or Cpd I) can 
occur either at the 2′,3′ position to give (7) cyclo-CBG or at 6′,7′ 
position  to give (5) 6′,7′-epoxy-CBG. The sites of metabolism 
are shown in blue and red spheres. Along with these two, other 
CBG based compounds like: (9) 6′,7′-dihydroxy CBG (Car-
magerol); (12) 2′,3′-dihydroxy CBG; and (S2) sesqicannabigerol 
have also been used in this work to study their anti-inflamma-
tory properties. The protein nanodisc shown in this figure have: 
CYP (magenta), CPR (golden yellow) present in POPC/POPS 
nanodisc (cyan) which is bound by membrane scaffold protein 
MSPE3D1 (orange). For our study we have used CYP2J2, 
CYP2C8, CYP2C9, CYP2D6 and CYP3A4. 
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RESULTS  

Synthesis of CBG, its metabolites, and analogs. In order to 
delineate the metabolism of CBG by the different human 
CYPs and to evaluate their bioactivity, we synthesized 
several potential metabolites (Figure 2). Thus, efforts were 
placed on preparation of both epoxides, as double bonds are 
often prone to rapid epoxidation. Moreover, the initial 
shotgun metabolomics involving CBG (1) with selected CYP 
and human liver microsome incubations (vide infra) 
identified 6ʹ,7ʹ-epoxy-CBG (5) and cyclo-CBG (7) as 
potential compounds of interest for further validation 
(Figure 2, S2, and S3). Since CBG contains reactive 
resorcinol core, prone to oxidation and reaction with 
electrophilic reagents, we first protected it as diacetate 

(1→8). Though two trisubstituted olefins are present in 
intermediate 8, the survey of electrophilic reagents 
revealed a high chemoselectivity preference for 6ʹ,7ʹ-double 
bond. Thus, epoxidation with equimolar amounts of 
mCPBA, followed by acetate deprotection, delivered the 
desired 6ʹ,7ʹ-epoxy-CBG (5). Moreover, epoxide hydrolysis 
in the presence of perchloric acid furnished carmagerol (9). 
To oxidize the least reactive 2ʹ,3ʹ-double bond in 8, we 
opted for the stepwise olefin masking, by first converting 
the most reactive olefin to the corresponding bromohydrin 
acetate (8→10), followed by epoxidation and conversion of 
bromohydrin acetate into an olefin (10→11). With 
protected 2ʹ,3ʹ-epoxy-CBG 11 in hand, we were able to 
obtain the cyclo-CBG (7) through deprotection and 
concurrent spontaneous cyclization. Though several 
deprotection conditions on intermediate 11 were 
attempted, as well as using different protecting groups (i.e., 
TBS); the intermediate 2ʹ,3ʹ-epoxy-CBG (6) was never 
observed. Interestingly, the cyclo-CBG (7) was isolated from 
Cannabis sativa and initially mischaracterized as a six-
membered pyran-type compound;42 however, careful 
analysis of NMR data agree with the structural revision to 

compound 7 that was recently provided based on 
computational predictions (See SI for details).44 In addition 
to the preparation of cyclo-CBG (7), we sought to prepare 
the corresponding diol 12 for detection as a potential 
metabolite. This was accomplished using acid-mediated 
hydrolysis followed by basic deprotection of acetoxy 
groups.  

Direct metabolism of CBG by human CYPs determined 
using Liquid Chromatography -Mass Spectrometry. 
Phytocannabinoids are metabolized by CYPs in the body 
within a few hours of consumption.45 To study the 
metabolism of CBG by human liver microsomes (HLM), a 
LC-MS/MS method was established. In our present study, 
CBG metabolites were separated based on the structure and 

elution time (Figure 3A). The present study primarily 
focuses on the formation of epoxides in unsaturated bonds 
of the prenyl chain, which leads to the production of  2′,3′- 
and 6′,7′-epoxides (6 & 5). Epoxides of lipids such as 
anandamide (AEA) often display anti-inflammatory 
bioactivity.46 The 2′,3′-epoxides are formed enzymatically 
but they cyclize spontaneously in the experimental 
conditions to form cyclo-CBG (7). Direct metabolism of CBG 
using human liver microsomes (HLM) analyzed using LC-UV 
followed by MS (Figure 3A) was compared with the 
chromatograms of standard cyclo- and 6′,7′ epoxy-CBG 
(Figure S3) followed by analysis of the mass spectra. 
Fragmentation pattern (Figure 3A1 and 3A2) indicated that 
the metabolites eluted at 4.6 min and 8.2 min corresponds 
to 6′,7′-epoxy and cyclo-CBG, respectively.  

Figure 2. Synthetic preparation of potential CBG (1) metabolites. 

 



4 

 

Furthermore, in vivo study was done in mouse by 
performing intravenous (IV) or intraperitoneal (IP) 
injections of CBG and quantifying the products in plasma. 
Both cyclo-CBG (7) and 6ʹ,7ʹ-epoxy-CBG (5) are detected in 
the plasmas from CBG treated mice. The amount of cyclo-
CBG (7) is found to be ~100 times more than 6ʹ,7ʹ-epoxy-
CBG (5) (Figure 3C, 3D and 3E). Metabolite formation is 
more predominant in the initial stages (0.5 h), however it 
decreases significantly after 2 h which points towards 
secondary metabolism of cyclo-CBG (7) and 6ʹ,7ʹ-epoxy-
CBG by cytochrome P450s (5). The CBG concentration in 
blood after 0.5 h is ~700 ng/mL and after 2 h is ~60 ng/mL 
which comes to ~0.5-0.7 μM and ~0.05 μM respectively. 
However, the concentration of cyclo-CBG and 6′,7′ epoxy-
CBG formed detected after 0.5 h were 1.5 μM and 7.5 nM 
respectively. 

Anti-inflammatory assay using microglial cells to study 
the role of CBG in controlling inflammation. Microglia are 
resident macrophages in the brain and spinal cord. They 
respond to injury, damage, or inflammation in the brain in 
myriad ways by secretion of cytokines and chemokines. 
Here, we used the BV2 microglial cell line and stimulated 
them with LPS to evoke an inflammatory response, and 
studied the expression of specific markers such as nitric 
oxide, IL-6, IL-10 in the presence and absence of CBG-based 
metabolites: CBG, 2ʹ,3ʹ-dihydroxy CBG (12), cyclo-CBG (7), 
pre-carmagerol (5), and carmagerol (9). The concentration 
of CBG and its metabolites are varied from 0-5 μM for this 
study. Previous studies have shown that levels of 
cannabinoids obtained in human blood plasma ranges in 
low micromolar range (e.g.  ~0.06 µM for THC, and ~0.14 
µM for CBD after 0.5 h). 47 This implies that tissue levels of 
these cannabinoid on administration can reach medium 

Figure 3. CBG Metabolism by Human Liver Microsome (HLM): LC-UV chromatogram and MS fragmentation of CBG 
metabolites obtained from (A) Human liver microsome (HLM). Fragmentation pattern of (A1) 6ʹ,7ʹ-epoxy-CBG (5) eluted 
at 4.6 min (shown in blue) and (A2) cyclo-CBG (7) eluted at 8.2 min (shown in orange) from HLM. Fragments specific to 
cyclo- and 6ʹ,7ʹ-epoxy-CBG are marked in the figures. (B) Comparison of the extent of cyclo- and 6ʹ,7ʹ-epoxy-CBG for-
mation in human liver microsome [HLM]. The rate is measured in pmol/min/nmol of protein and the concentration of 
substrate (CBG) used is 60 µM. In vivo study: CBG and CBG metabolite obtained from the blood plasma of female mice 
after CBG administration (dosage: 20 mg/kg) through intraperitoneal (IP) and intravenous mode (IV). Samples were 
taken after 0.5 h (blue bar) and 2 h (orange bar), and used for the analysis of the (C) remaining CBG, (D) cyclo-CBG, and 
(E) 6ʹ,7ʹ-epoxy-CBG. 200 µL of plasma samples were used for analysis. Effect of CBG and its metabolites on biological 
systems. (E) pro-inflammatory effect through IL-6 expression and (F) anti-inflammatory effect through IL-10 expression 
in presence of CBG, SCBG, cyclo-CBG, 6ʹ,7ʹ-epoxy-CBG and CBG diols at different concentration range. Data are repre-
sented as means ±SD of n=3 data points. *P < 0.5; **P < 0.01, one-way ANOVA 
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micromolar range. Therefore, previous cellular assays have 
been carried out in presence of 0-15 μM CBD concentration 
using carcinoma (HNSCC) cells.48 Herein, the CBG based 
compounds tested for LPS-induced cytotoxicity by lactate 
dehydrogenase (LDH) assay did not show any increase in % 
LDH release when used within a concentration range of 0-5 
μM (Figure S7). A significant reduction in nitric oxide levels 
was observed for some of the CBG analogs; CBG (64.1±5.9) 
and carmagerol (60.0±6.03) exhibiting the highest 
reduction in % NO level indicating an anti-inflammatory 
activity (Figure S8). Furthermore, we quantified the levels 
of IL-6 and IL-10 by ELISA (Figure 3F and 3G). Among the 
CBG analogs tested, CBG (414.2±75.2) and carmagerol 
(307.8±159.1) showed a decrease in IL-6 expression at 5 µM 
concentration. Similarly, the levels of IL-10 showed an 
increase with 236.03±12.35 and 159.5±16.7 for CBG and 
carmagerol respectively.  Overall, the study showed that 
CBG and its analogs and metabolites are anti-inflammatory 
in LPS-stimulated microglial cells. Previously it has been 

reported that epoxyeicosatrienoic acids (EETs) are anti-

inflammatory that are formed by metabolism of arachidonic 

acid by CYPs.46 In this present case lowering in IL-6 expression 

observed in presence of epoxy derivative of CBG (6ʹ,7ʹ-epoxy-
CBG)  which is formed from CYPs and carmagerol. 

Metabolism of CBG by different liver CYPs. 

To further understand the mechanism of formation of the 
specific CYP metabolites, 6′,7′-epoxy CBG (5) and cyclo-CBG 
(7), we studied the metabolism of CBG with specific CYPs: 
CYP2J2, 3A4, 2D6, 2C9 and 2C8, and pooled HLM (Figure 4). 

In these studies, CYP-CPR lipid reconstituted or nanodisc 
system were incubated with CBG in presence of NADPH, and 
the rate of formation of the products with change in 
concentration was used to calculate the maximum velocity 
(Vmax) and Km using standard Michaelis-Menten kinetics 
(Figure 4). Due to limited solubility in an aqueous solution; 
the CBG concentration was kept below 100 µM in these 
studies. The kinetics of the formation of cyclo-CBG (7) and 
6ʹ,7ʹ-epoxy CBG (5) were compared among the four types of 
CYPs. The detection and quantification of CBG metabolites 
were carried out using HPLC coupled to a triple quadrupole 
detector, which enabled a highly sensitive, accurate, and 
reproducible method for detection of cyclo- and 6′,7′-epoxy 
CBG. The rate of cyclo-CBG formation was found to be at 
least 100 times higher as compared to that of 6′,7′-epoxide 
for all the CYPs studied (Figure 4). The cyclo-CBG formation 
is more prominent for 3A4 and 2C9 followed by 2J2 (Figure 
4K) among the CYPs. Although 6′,7′-epoxy-CBG is the minor 
metabolite, CYP2J2 and CYP3A4 has comparatively higher 
amount of the epoxide product (Figure 4L). On the other 
hand, the rate of CBG metabolism in presence of 2C8 and 
2D6 are almost 5-6 times slower as compared to 2C9. The 
higher preference for cyclo-CBG for 3A4 over 6′,7′-epoxy-
CBG when compared to 2C9 indicates that catalytic activity 
of CYPs also depend on the type of product formed. The 
affinity of CBG for product formation (Km) is also compared 
among five different CYPs (Figure S4). Km value for CYP2J2 
is found to be the highest and almost 1.5-2 times more than 
2D6 and 2C8 for the formation of cyclo-CBG product. The Km 

Figure 4. Metabolism of CBG in presence of CYPs: CBG metabolism leads to the formation of cyclo-CBG (7) 
and 6′,7′-epoxy CBG (5). The kinetics of CBG metabolism are shown in the presence of CYP2J2 (blue), CYP2C8 
(orange), CYP2D6 (purple), CYP2C9 (red), and CYP3A4 (green). Cyclo-CBG formation for all the CYPs are 
shown in (A), (C), (E), (G), (I) and 6′,7′-epoxy CBG in (B), (D), (F), (H), (J). Comparison of product formation: 
Maximum rate (Vmax) for (K) cyclo-CBG formation and 6′,7′-epoxy CBG formation are shown ion (K) and (l) 
respectively. Vmax is represented in pmol/min/nmol of protein in both the cases. The concentration of sub-
strate (CBG) was varied 5-75 µM. Data has been fitted to either Michaelis-Menten or Hill equation and error 
bars represent ±SD 
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for cyclo-CBG formation for 2C9 and 3A4 is similar. 
Interestingly, the affinity for CBG towards the formation of 
the cyclo-CBG as well as 6′,7′-epoxy-CBG is much higher for 
2D6 and 2C8 as compared to 2C9 and 3A4, but the catalytic 
activity of the former two CYPs are much lower as obtained 
from the Vmax values. The data signifies that a single 
substrate has unequal affinities towards the same enzyme 
during the formation of different products. However, the 
affinity for the substrate towards multiple product 
formation cannot be completely explained by taking their 
Km values, when multiple binding sites may be available. 

Among the CYPs, the rate of product formation for 3A4, 2C9 
and 2J2 does not strictly follow the Michaelis-Menten 
equation. Rather a sigmoidal growth is an indication of 
multiple site binding/binding of more than one ligand at the 
same time.49,50 This was further explored by comparing the 
ratios of the rate of cyclo-CBG and 6ʹ,7ʹ-epoxy CBG over the 
range of CBG concentrations used (Figure S5). For CYP 3A4, 
2C8, and 2C9 the ratio increases, whereas for 2D6, the 
opposite trend is observed. Unlike these CYPs, CYP2J2 does 
not show any specific trend. Although the ratio of cyclo-CBG 

Figure 5. Binding of CBG to different CYPs. (A) Soret titration binding curves for CBG with all four CYPs. 2J2 is 
shown in blue circles, 2C8 in orange inverted triangles, 2D6 in purple triangles and 3A4 in green diamonds. (B) Com-
parison of Ks (in µM) among four different CYPs. (C) Competitive binding study of ligands to different CYPs in pres-
ence and absence of CBG: Ebastine (EBS) with CYP 2J2 in the presence (EBS + CBG) and absence (EBS) of CBG; all 
trans-retinoic acid (RTA) with CYP 2C8 in the presence (RTA+CBG) and absence (RTA) of CBG; Thioridazine (TDZ) 
with CYP 2C8 in the presence (TDZ+CBG) and absence (TDZ) of CBG; Testosterone (TST) with CYP 3A4 in the pres-
ence (TST+CBG) and absence (CBG) of CBG. (G). All the binding spectra were fitted to a single binding isotherm. CBG 
was added incrementally from 0 to 90 µM. The change of absorbance (ΔA) from 393 to 417 nm was calculated for 
each titration and plotted CBG concentration (µM). Data were fitted with Origin Lab to the single binding isotherm 
to determine the Ks. All experiments were done in triplicate and data were produced from the means of three repeats 
(N=3). The error represents the standard error of the mean of three experiments. Comparison of Ks (in µM) among 
four different CYPs in the presence and absence of CBG. Docking Study of CBG: Protein-ligand docking between (D) 
CYP2C8 and (E) CYP2D6 with CBG (using AutoDock Vina) and the different docked poses of CBG are shown. The 
docked structures closest to Fe are shown as sticks models whereas the remaining CBG structures are shown as 
wires. The heme moiety is shown in brown. The nearby residues that are located within a distance of 5 Å are shown 
in the figures. The distance from Fe to CBG molecule indicates the closest distance between protein and ligand for 
various CYPs.  
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is higher than 6′,7′-epoxy CBG, but the ratio varies with 
change in concentrations.  

Spectral Competitive Binding Studies of CBG with 
different CYPs. In order to delve into the binding 
interactions of CYPs with CBG, we measured CBG binding to 
CYPs using UV-visible spectroscopy. The heme group in 
CYPs is coordinated to a water molecule in the axial 
position, which on ligand binding is displaced leading to 
shift in the Soret band (~417 nm) towards ~393 nm, 
forming a high-spin iron complex. The magnitude of this 
spectral shift is plotted against the  

 

concentration of the ligand and is fitted to a binding 
equation in order to obtain a value of Ks, the spin-state 
equilibrium constant, which determines the binding 
efficiency of the ligand with CYPs. Initially, the direct 
binding of CBG to different CYPs was studied by varying the 
concentration of CBG from 0-75 µM (Figure 5A). CBG 
produces a blue shift in the Soret peak thus acting as a Type 
I ligand (Figure S1). The difference in absorbance between 
393 nm and 417 nm was used to plot the binding curve 
(Figure 5A) and the Ks and ΔAmax values were obtained. 
Among all the CYPs, CBG shows the tightest binding to 
CYP2J2, which is almost three times greater than that of 
CYP2D6 and CYP2C8 (Figure 5B). The ΔAmax is higher for 
CYP2C8 even though it shows weaker binding with CBG 
compared to other CYPs (Table S1).  

Furthermore, competitive binding assays using known 
substrates for the CYPs were used to confirm the above 
direct binding studies. The drugs specific to a particular CYP 
were added to CBG bound CYP that subsequently displaced 
CBG from the active site of the protein, thereby producing a 
more robust shift in the Soret band. This competitive 
binding was used to monitor the type of CYP inhibition by 
CBG and calculate the inhibition constant (Figure 5C). The 
substrates that were used to probe drug binding are the 
following: ebastine (EBS) for CYP2J2, testosterone (TST) for 
CYP3A4, thioridazine (TDZ) for CYP2D6 (TDZ), and retinoic 
acid (RTA) for CYP2C8. The binding curves of the CYPs with 
CBG as well as the corresponding drug were fitted into 
Michaelis-Menten or Hill binding models from where the 
Amax and Ks values were calculated (Table S1 and S2). For 
the competitive binding assay, CBG was found to produce an 
inhibition in the range of 10-20 µM for CYP2D6 and CYP3A4. 

Docking studies to gain atomistic details of CBG binding 
to the CYPs. To understand the atomistic details of binding 
of CBG to the CYPs, protein-ligand docking studies were 
performed. The study was carried out specifically by 
selecting the region near the active site of the protein. 
Autodock Vina gave nine docked poses with different 
conformations at the active site. For CYP2J2, CBG has been 
found to be distributed over multiple positions at the 
protein pocket (Figure S1B). However, for other CYPs, CBG 
is mainly located over the heme moiety, with either the 
prenyl or the pentyl chain facing the Fe atom (Figure 5D and 
5E and Figure S1B). The most energetically stable structure 
is shown in bold, whereas others are in thin wire for 
respective CYPs. The closest distance between CBG and Fe 
atom of CYPs were calculated to compare with the 

experimentally obtained binding affinity from the 
subtracted Soret spectra. It is observed that CBG is 
surrounded by both polar and non-polar residues within a 
radius of 5 Å. Key residues like Phe and Arg are present in 
all the docked structures, which signifies that CBG can 
interact both through π-stacking as well as electrostatic 
interaction owing to its phenolic moiety. These residues 
also play an important role in binding the substrate in 
specific orientations that can lead to site-specific 
metabolism depending on the CYPs used. However, the 
metabolism experiment shows a preferential selection of 
cyclo-CBG as a major metabolite over 6′,7′-epoxy-CBG in 
both in vitro and in vivo studies. This indicates that chemical 
properties of the substrate are more predominant in 
regulating the metabolism process compared to the 
substrate binding in the CYP active site. In order to 
understand this, CBG was docked with Fe-oxo (Cpd I) and 
the distances between the sites of metabolism were 
calculated from the oxygen atom connected to heme (Figure 
S1B). CBG adopts a bent structure in presence of Cpd I with 
C-2 being closer to the oxygen atom of heme as compared to 
C-6. This conformation is possible owing to the -OH 
functional group of CBG which can associate with Cpd I 
through H-bonding (Figure S1B(D)). Previously it has been 
shown that hydrogen bonding between the heme-oxo 
complex (compounds I) and the –OH groups of 1/2-
naphthol is critical for the proton transfer process at the 
active site.51 

DISCUSSION  

Phytocannabinoids undergo biotransformation to form 
bioactive metabolites.52,53 Herein, we study the CYP 
mediated metabolism of CBG, which is an important non-
psychotropic cannabinoid with numerous health benefits. 
The binding affinity of CBG towards different human CYPs 
using direct and competitive binding studies in the presence 
of a specific CYP substrate was studied (SI Notes on 
Binding). The binding affinity for CBG towards CYP2J2 is the 
tightest among all the CYPs.54,55,56 Competitive binding of 
EBS to CYP2J2-CBG bound complex increases the Ks by ~4 
fold, implying that the presence of CBG reduces the affinity 
of EBS towards CYP2J2. This indicates that CBG occupies the 
same binding pocket as EBS in CYP2J2 and a higher 
concentration of EBS is required to displace CBG from the 
center as supported by docking studies that show Arg117, 
Ile376, and Val370 are the common binding site residues for 
both CBG as well as EBS.57 The binding shows a single 
binding site in CYP2J2 for both EBS and CBG. Unlike CYP2J2, 
the Ks value is almost 3 times higher for CYP2C8 and 
CYP2D6 in presence of CBG, indicating comparatively weak 
binding to the protein. Binding studies indicate that CYP2C8 
has at least 2 binding sites in the protein-based on n>1 hill 
coefficient (Figure S1A). Addition of RTA to CBG-bound CYP 
increases the Ks (~1.3 times) and ΔAmax (~1.2 times), 
suggesting comparatively lower inhibition of CYP2C8 by 
CBG, which is likely due to the fact that RTA and CBG 
separately bind to two different pockets in CYP2C8. Docking 
studies show that CBG occupies one of the binding pockets 
where RTA also binds to CYP2C8 and is stabilized by amino 
acid residues like Leu208. The Ks for CBG binding to 
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CYP2D6 is almost 3.5 times lower than TDZ binding 
(substrate for CYP2C8). The CYP2D6 crystal structure 
shows that the protein exists in closed and open 
conformation with one and two molecules of TDZ attached 
to it, respectively.58 Here we show that CBG is localized near 
the heme group and can associate with Asp301 through 
polar interaction such as hydrogen bonding in CYP2D6 like 
that of TDZ from the crystal structure (Figure 5E). This 
indicates that CBG binds to a similar pocket as TDZ and 
prefers a closed CYP2D6 structure over open conformer. 
CYP3A4 shows stronger binding to CBG as compared to 
CYP2C8 and CYP2D6. TST, a substrate59 for CYP3A4, binds 
almost 5 times more strongly as compared to CBG. CYP3A4-
mediated TST metabolism suggested the importance of 
Ser119 which interacts with the substrate through 
hydrogen bonding.60 The docked structure of CYP3A4 with 
CBG shows that it binds near the heme with residues like 
Ser119, Ala370, and Leu482, situated within 5 Å from CBG 
(Figure S1B(C)). This suggests that CBG binds to a common 
active site pocket in CYP3A4 similar to TST and midazolam. 
The docked structures of different CYPs bound to CBG 
(Table S3), show that the closer proximity of the CBG 
molecule towards heme promotes effective binding and 
reduces Ks values (SI-notes on binding). Displacement of 
the distal water molecule to the heme by the ligand 
produces a spin-state change that is reflected in the ΔAmax 
value. CYP2C8 produces the maximum spin-state change; 
however, it is situated at a higher distance from the heme 
(Table S3). Previously it has been shown that the Thr 
residue (present in the I-helix) in the mammalian CYPs is 
involved in stabilizing the water molecule coordinated to 
the heme group. CBG has an –OH group that can interact 
with the nearby polar residues such as Thr in the I-helix of 
the CYPs.61 This interaction can affect the hydrogen bonding 
association between Thr and distal water molecule of Fe. 
Upon analyzing the distance between CBG and Thr in 
different CYPs, CBG is closest to the Thr301 residue for 
CYP2C8 (Table S4). However, this distance is comparable 
for CYP2J2 and 2D6 but higher in CYP3A4. This distance of 
the CBG to the Thr is proportional to the ΔAmax observed 
in our experimental data where CYP2C8 shows highest 
ΔAmax followed by CYP2J2, CYP2D6, and CYP3A4. This 
indicates that CBG can indirectly cause the spin-state 
change by interacting with the Thr residue of the protein. 

The metabolism of CBG by the CYP P450s identifies the 
regions of the molecule that is transformed by the CYPs. 
Multiple factors can contribute to the rate of CBG 
metabolism: (i) substrate binding to CYPs, (ii) CYP-CPR 
interactions, and (iii) rate of electron flow from NADPH to 
CPR to CYP. CBG can be metabolized at multiple sites as 
previously observed with liver microsomes from different 
species.25 Using human liver microsome (HLM) to study the 
metabolism of CBG, we show that two major products are 
formed from HPLC-MS (Figure 3A) where one peak 
corresponds to the formation of 6′,7′-epoxy CBG (Figure S2) 
and the other peak to the formation of 5 membered cyclo-
CBG instead of 2′,3′-epoxy CBG(SI Notes on Metabolism). 
This study confirms the formation of 6′,7′-epoxy-CBG and 
cyclo-CBG as major metabolites during CBG metabolism by 
HLM. Quantitation of CBG metabolites using targeted mass 

spectrometry showed that the amount of cyclo-CBG 
produced is produced is ~100 fold higher than 6′,7′-epoxy-
CBG. In the blood plasma samples, these metabolites are 
reduced after 2 h, which is potentially due to the secondary 
metabolism of the cyclo-CBG and 6′,7′-epoxy-CBG to form 
dihydroxy products. We further determined the enzymatic 
metabolism of CBG by CYPs. Kinetics of CBG metabolism 
shows that cyclo-CBG is the predominant product among all 
the CYPs and it is formed almost ~100 times more as 

compared to 6′,7′-epoxy-CBG..The substrate orientation 
near the heme as obtained from docking study shows that 
C-2ʹ and C-6ʹ, are situated at a distance of 6.35 Å and 8.60 Å 
from the oxo complex (Figure S1B (D)). Due to the shorter 
C2ʹ -oxo distance, the probability of C-H abstraction 
becomes more feasible from C2ʹ as compared to C6ʹ, leading 
to higher 2′,3′-epoxy formation (which is subsequently 
converted to cyclo-CBG). Hence in our experiments, the 

Figure 6. Schematic representation of metabolism of can-
nabigerol (CBG) in presence of different CYPs (present in 

the liver endoplasmic reticulum : ER) to give 6′,7′-epoxy-

CBG and cyclo-CBG as products. CYP (magenta), CPR 

(golden yellow) are present in POPC/POPS nanodisc (cyan) 

which is bound by membrane scaffold protein MSPE3D1 
(orange). For this study we have selected CYPs which are 

mainly present in the liver and associated with drug me-

tabolism. We have also carried out in vivo studies by inject-

ing mice with CBG which also gives similar metabolites. 

CBG and its related compounds are bioactive and also 
found to have anti-inflammatory effect. 
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extent of cyclo-CBG formation predominates over other 
product formation independent of the CYP involved in the 
study (SI notes on metabolism).  

CYP2D6 and CYP3A4 are the major drug-metabolizing 
enzymes.62 The extent of cyclo-CBG formation in CYP3A4 is 
comparable to that of CYP2C9, and the active site volume 
CYP3A4 (1226 Å3)63 is similar to CYP2C9. The sigmoidal 
graph for CYP3A4 suggesting more than one binding site. 
CBG binds near the B-C and F-G loop with Ser119 and 
Arg212 as the nearby residues and shares a common 
binding site with standard CYP3A4 drugs.64 Four Phe 
residues (Phe108, Phe213, Phe215, and Phe304) situated 
within 5 Å distance from the ligand can bind CBG firmly near 
the heme through π-π stacking, therefore increasing the 
effectiveness of substrate metabolism. Change in CBG 
concentration affects the ratio of cyclo-CBG and 6′,7′-epoxy-
CBG formation, as seen from Figure S5; however, it does not 
vary proportionally for all the CYPs. The ratio of cyclo:epoxy 
can be explained by close analysis of the kinetics plot from 
Figure 4. For CYP3A4 (Figure 4I and 4J), the cyclo-CBG 
product formation linearly increases till 35 µM 
concentration, whereas in this range, the 6′,7′-epoxy-CBG 
formation is almost static, leading to a higher ratio of cyclo-
CBG formation in the initial phase of the reaction. However, 
following this, both these two metabolites show a steep rise 
leading to the appearance of plateau after 50 µM of CBG. A 
similar phenomenon is observed for CBG metabolism in the 
presence of 2C9 (Figure 4G and 4H). Hence the studies 
suggests a correlation between the rate of product 
formation in the in vitro and in vivo models.  

With respect to their bioactivity, synthetic and plant 
derived cannabinoids have shown distinct differences in 
terms of receptor binding or physiological activity.21,46,65,66 
Herein, we find that CBG, sCBG and 2ʹ,3ʹ-dihydroxy-CBG 
shows concentration dependent reduction in IL-6 level 
thereby lowering pro-inflammatory activity. Among all the 
CBG based compounds carmagerol shows the highest 
reduction in the pro-inflammatory activity. On the other 
hand, CBG, carmagerol and 6ʹ,7ʹ-epoxy CBG show 
concentration dependent increase in IL-10 levels. In this 
study, CBG and 2ʹ,3ʹ-dihydroxy-CBG show maximum 
expression of the anti-inflammatory cytokines at 5 µM 
concentration. sCBG has a long hydrophobic chain and it 
does not significant bioactivity as compared to CBG 
metabolites having polar functional groups (either 
hydroxide or epoxide). On the other hand CBG is more anti-
inflammatory compared to its di-hydroxy metabolite. From 
this study it can be inferred that optimum polarity and 
hydrophobicity at the prenyl chain is essential in regulating 
the inflammatory cytokines level in the BV2 microglial cell 

culture model.  

 

CONCLUSION 

CBG is a non-psychotropic cannabinoid that is a precursor 
of several cannabinoids. Due to its polypharmacology that 
makes it useful as a neuroprotective, anti-inflammatory, 
and antioxidant molecule, we study its fate when 
administered to animals. We perform in vivo metabolism 
using human liver microsomes and show that CBG is 

converted to cyclo-CBG and 6′,7′-epoxy-CBG (Figure 6). 
These metabolites are novel, are also plant 
phytocannabinoids and have not been reported previously.  
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