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ARTICLE INFO ABSTRACT

Keywords: Increasing evidence for the therapeutic potential of Cannabis in numerous pathological and physiological con-
Phytocannabinoids ditions has led to a surge of studies investigating the active compounds in different chemovars and their
Endocannabinoids mechanisms of action, as well as their efficacy and safety. The biological effects of Cannabis have been attributed
gzzgzl;l:d;zf val. to phytocannabinoid modulation of the endocannabinoid system. In-vitro and in-vivo studies have shown that
LC/HRMS pure phytocannabinoids can alter the levels of endocannabinoids and other cannabimimetic lipids. However, it is

not yet understood whether whole Cannabis extracts exert variable effects on the endocannabinoid metabolome,
and whether these effects vary between tissues. To address these challenges, we have developed and validated a
novel analytical approach, termed “cannabinoidomics,” for the simultaneous extraction and analysis of both
endogenous and plant cannabinoids from different biological matrices. In the methodological development liquid
chromatography high resolution tandem mass spectrometry (LC/HRMS/MS) was used to identify 57 phyto-
cannabinoids, 15 major phytocannabinoid metabolites, and 78 endocannabinoids and cannabimimetic lipids in
different biological matrices, most of which have no analytical standards. In the validation process, spiked
cannabinoids were quantified with acceptable selectivity, repeatability, reproducibility, sensitivity, and accu-
racy. The power of this analytical method is demonstrated by analysis of serum and four different sections of
mouse brains challenged with three different cannabidiol (CBD)-rich extracts. The results demonstrate that
variations in the minor phytocannabinoid contents of the different extracts may lead to varied effects on
endocannabinoid concentrations, and on the CBD metabolite profile in the peripheral and central systems. We
also show that the Cannabis challenge significantly decreases the levels of several endocannabinoids in specific
brain sections compared to the control group. This effect is extract-specific and suggests the importance of minor,
other-than CBD, phytocannabinoid or non-phytocannabinoid compounds.

Mass spectral library

Abbreviations: 11-COOH-gluc-THC, 11-nor-9-carboxy-A°-THC glucuronide; 11-COOH-THC, 11-nor-carboxy-A°-trans-tetrahydrocannabinol; 11-OH-THGC, 11-hy-
droxy-A°-trans-tetrahydrocannabinol; 12-LOX, 12-lipoxygenase; 15-LOX, 15-lipoxygenase; 2-AG, 2-arachidonoylglycerol; AA, arachidonic acid; AcOH, acetic acid;
AEA, anandamide; AGC, automatic gain control; CB1, cannabinoid receptor type 1; CB2, cannabinoid receptor type 2; CBC, cannabichromene; CBCA, cannabi-
chromenic acid; CBCV, cannabichromevarin; CBD, cannabidiol; CBDA, cannabidiolic acid; CBDV, cannabidivarin; CBDVA, cannabidivarinic acid; CBG, cannabigerol;
CBGA, cannabigerolic acid; CBG-C4, cannabigerol-C4; CBL, cannabicyclol; CBN, cannabinol; CBNA, cannabinolic acid; CNS, central nervous system; COX-2,
cyclooxygenase-2; CYP, cytochrome P450; DAGL, diacylglycerol lipase; DHA, docosahexaenoic acid; d-IS, deuterated internal standard; eCBs, endocannabinoids and
other endogenous cannabimimetic lipids; eCBS, endocannabinoid system; EPA, eicosapentaenoic acid; FA, fatty acid; FAAH, fatty acid amide hydrolase; GPCR, G-
protein-coupled receptor; HPLC, high performance liquid chromatography; HSD, honest significant difference; IT, injection time; LA, linoleic acid; LC/HRMS, liquid
chromatography high-resolution mass spectrometry; LC/MS, liquid chromatography mass spectrometry; LnA, linolenic acid; LOQ, limit of quantification; MAG, 2-
monoacyl glycerol; MAGL, monoacyl-glycerol lipase; MS-dd-MS2, full MS! followed by data dependent MS/MS; NAPE-PLD, N-acyl-phosphatidyl-ethanolamine-se-
lective phospho-lipase D; N-EA, N-acyl ethanolamide; N-Gly, N-acyl glycine; OA, oleic acid; PA, palmitic acid; PRM, parallel reaction monitoring; PUFA, poly-
unsaturated fatty acid; RSD, relative standard deviation; RT, retention time; SA, stearic acid; SPE, solid phase extraction; UHPLC, ultra HPLC; AS—THC, (—)-A8-trans-
tetrahydrocannabinol; Ag—THC, (7)—Ag—trans—tetrahydrocannabinol; AQ—THCA, (7)—Ag—nans—tetrahydrocannabinolic acid; A9—THC—C4, (7)—A9—trans—tetrahydrocan—
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P. Berman et al.
1. Introduction

Phytocannabinoids are found almost uniquely in Cannabis sativa L.
(Cannabis). Many of the pharmacological and therapeutic properties of
phytocannabinoids rely on their interactions with the endocannabinoid
system (eCBS), present in animals and humans. This interaction makes
Cannabis treatment especially valuable since eCBS modulation has been
suggested as an emerging target of pharmacotherapy, with therapeutic
potential in almost all diseases affecting humans [1]. Up until the last
decade, the eCBS was defined as the ensemble of (i) two G-pro-
tein-coupled receptors (GPCR), cannabinoid receptors type 1 and 2 (CB1
and CB2, respectively); (ii) their two most studied endogenous ligands,
the endocannabinoids N-arachidonoylethanolamide (AEA) and 2-arach-
idonoylglycerol (2-AG); and (iii) the enzymes responsible for endo-
cannabinoid biosynthesis [i.e., N-acyl-phosphatidyl-ethanolamine
-selective phospholipase D (NAPE-PLD) and diacylglycerol lipase
(DAGL) for AEA and 2-AG, respectively] and hydrolytic inactivation [i.
e., fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase
(MAGL), for AEA and 2-AG, respectively] [2-4]. More recently, addi-
tional receptors, biosynthesizing and degrading enzymes, endocanna-
binoids and other cannabimimetic lipids have been recognized as part of
an extended eCBS [2,5-7] or an “endocannabinoidome” [2].

It has been suggested that phytocannabinoids can act upon the
extended eCBS directly, activating and/or inhibiting cannabinoid and
non-cannabinoid receptors such as the thermosensitive transient re-
ceptor potential cation channels, several orphan GPCR receptors, and
peroxisome proliferator-activated nuclear receptors, and/or indirectly,
by modulating the amount of available endocannabinoids [2,5-7]. This
modulation can result from phytocannabinoid inhibition of the metab-
olizing enzymes, intracellular transporters and more [2].

Isolating the pharmacological effects of Cannabis extracts is complex
given that more than 150 different phytocannabinoids have been iden-
tified in Cannabis chemovars [8-10], with widely varying concentra-
tions between chemovars [10]. An additional complexity is that
Cannabis may be consumed via different routes (inhalation, oral,
ophthalmic, rectal, sublingual or dermal administration), each with
different pharmacokinetic behaviors, leading to differential tissue and
body fluid distributions over time [11-13]. Finally, phytocannabinoids
are endogenously metabolized, mainly in the liver, by enzymes of the
cytochrome P450 (CYP) complex [12], producing metabolites that can
have pharmacological and biological roles of their own. The existence
and concentration of the different metabolites also differs between
mammalian species, due to variations in their available metabolizing
enzymes [12,14].

Another complexity in phytocannabinoid pharmacology is that one
compound may simultaneously act upon different receptors and/or en-
zymes [2,15]. This naturally becomes even more challenging to identify
or describe in the case of whole Cannabis treatment, which consists of
tens of phytocannabinoid components at varying concentrations, lead-
ing to polypharmacological effects on the extended eCBS. This often
leads to different phytocannabinoids competing for the same receptors
or affecting the binding affinity of other compounds [15-17]. Isolating
the effect of specific phytocannabinoid compositions from specific
Cannabis chemovars is crucial for elucidating mechanisms of action and
ultimately harnessing and tailoring the potential of Cannabis therapeu-
tics. To this end, chemical analysis methods are essential to quantita-
tively analyze endocannabinoids, phytocannabinoids and their
metabolites in biological matrices.

Endocannabinoid metabolites are all derivatives of long chain fatty
acids (FAs) and are classified according to the lipid class to which they
belong. Compounds belonging to more than 20 different lipid classes
have been suggested to interact with the extended eCBS, making this
group of metabolites extremely diverse [6,18-23]. Several liquid chro-
matography mass spectrometry (LC/MS) methods for analyzing specific
lipid classes from different biological samples have been reported and
are summarized in a number of recent reviews [19-22]. Several of these
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methods use a lipidomic approach for the simultaneous profiling of tens
of lipids from different groups.

LC/MS methods for quantification of phytocannabinoids and their
metabolites in biological matrices have also been developed and were
recently reviewed by Abd-Elsalam et al. [24]. The vast majority of
studies analyze only the three best known phytocannabinoids,
(7)—A9—trans—tetrahydrocannabinol (Ag—THC), cannabidiol (CBD),
cannabinol (CBN); and the three major A°-THC metabolites,
11-hydroxy-A°-trans-tetrahydrocannabinol (11-OH-THC), 11-nor-car-
boxy—Ag—trans—tetrahydrocannabinol (11-COOH-THC), and 11-nor-9--
carboxy-Ag-THC glucuronide (11-COOH-gluc-THC), none of CBD. While
a few studies have also included (7)—A9—trans—tetrahydrocannabinolic
acid (AQ-THCA), cannabigerol (CBG), cannabichromene (CBC), canna-
bidivarin (CBDV) and (—)—Ag—trans—tetrahydrocannabivarin (Ag—THCV)
[25-28], they still only present a very narrow view of the rich phyto-
cannabinoid profile of whole Cannabis therapeutics.

In this study, we therefore describe a novel “cannabinoidomic”
(endocannabinoid and phytocannabinoid “omic”) method for simulta-
neous extraction, identification and quantification of endocannabinoids
and other endogenous cannabimimetic lipids (collectively designated in
this study as eCBs), phytocannabinoids, and several of their metabolites,
in various biological matrices, via liquid chromatography high-
resolution mass spectrometry (LC/HRMS). A single extraction method
is especially important in clinical and pre-clinical studies, which often
have limited sample sizes. To the best of our knowledge, this is the first
time that such a comprehensive method has been developed and vali-
dated. We also demonstrate the importance and power of this method by
analyzing changes in concentrations of eCBs in serum and four different
brain sections, following their challenge with three different CBD-rich
whole plant extracts.

2. Materials and methods
2.1. Reagents and materials

LC/MS grade acetonitrile, methanol, and water for the mobile phase,
and high performance liquid chromatography (HPLC) grade acetoni-
trile, methanol, water and ethanol for sample preparation were obtained
from Mercury Scientific and Industrial Products Ltd. (Rosh Haayin,
Israel). LC/MS grade acetic acid (AcOH) and serum (S1-100 mL) for
method validation were purchased from Sigma-Aldrich (Rehovot,
Israel). A list of all the analytical (>98%) and deuterated internal
standards (d-ISs) appears in Table S1. Air-dried medical Cannabis che-
movars were obtained from several Israeli medical Cannabis distributors.

2.2. Mice

Adult (8-10 weeks of age; 20-25 g) male C57BL/6 mice (C57BL/6J;
The Jackson Laboratory) were used in all experiments. All experiments
were performed in accordance with the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals. All procedures and
protocols were approved by the Technion Administrative Panel of Lab-
oratory Animal Care (#:IL_130-11-2015).

2.3. Sample preparation and extraction

Phytocannabinoid extraction from Cannabis and their analysis by
LC/HRMS were performed according to our previously published
methods [10,29]. The full description appears in Method S1. For the
Cannabis challenge, extracts were reconstituted into a vehicle solution
consisting of 1:1:18 ethanol:cremophor:saline into a final concentration
of 20 mg mL~L.

For the method development and validation, naive mice were
sacrificed and their blood, brain, liver, spleen and colon tissues were
collected, and immediately frozen in liquid nitrogen. Blood samples
collected via cardiac puncture were set aside for 30 min at room
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temperature and then centrifuged for 30 min at 4 °C. The separated
serum and all the other tissues were stored at —80 °C until analysis.

The extraction solution for all samples consisted of methanol:
acetonitrile:AcOH in a ratio of 50:50:0.1 v/v, spiked with d-ISs. Whole
tissues were rapidly dissected into smaller fractions on dry ice, weighed
and homogenized in the extraction solution (brain, liver, spleen and
colon tissues were extracted with 6, 10, 8 and 8 mL, respectively) using a
beads homogenizer (1600 MiniG, SPEX Sample Prep, Metchen, NJ, US),
and shaken in an orbital shaker for 30 min. Volumes of 200 pL serum
were thoroughly vortexed with 600 pL of the extraction solution. All
samples were then centrifuged at 14,000 rpm, 4 °C for 20 min. Volumes
of 1 and 0.8 mL were collected from the tissues and serum supernatants,
respectively, diluted with 3 mL 0.1% v/v AcOH in water, and loaded
onto pre-conditioned Agela Cleanert C8 solid phase extraction (SPE)
cartridges (500 mg of sorbent, 50 pm particle size). Whole cannabinoids
were eluted from the SPE columns with 2 mL 0.1% v/v AcOH in
methanol, evaporated to dryness by SpeedVac, reconstituted in 100 pL
ethanol and filtered through a 0.22 pm PTFE syringe filter for LC/HRMS
analysis.

2.4. LC/HRMS chemical analysis

LC/HRMS analyses were performed using a Thermo Scientific ultra
HPLC (UHPLC) system coupled with a Q Exactive™ Focus Hybrid
Quadrupole-Orbitrap MS (Thermo Scientific, Bremen, Germany). The
chromatographic separation was achieved using a Halo C18 Fused Core
column (2.7 pm, 150 mm x 2.1 mm i.d.) with a guard column (2.7 pm, 5
mm x 2.1 mm i.d) (Advanced Materials Technology, Delaware, USA)
and a ternary A/B/C multistep gradient (solvent A: 0.1% AcOH in water,
solvent B: 0.1% AcOH in acetonitrile, and solvent C: methanol). The
multistep gradient program was set as follows: initial conditions were
50% B raised to 67% B until 3 min, held at 67% B for 5 min, and then
raised to 90% B until 12 min, held at 90% B until 15 min, decreased to
50% B over the next min, and held at 50% B until 20 min for re-
equilibration of the system prior to the next injection. Solvent C was
initially 5% and then lowered to 3% until 3 min, held at 3% until 8 min,
raised to 5% until 12 min and then kept constant at 5% throughout the
run. A flow rate of 0.25 mL min ™! was used, the column temperature was
30 °C and the injection volume was 1 pL.

MS acquisition was carried out with a heated electro spray ionization
ion source operated in switching mode. The source parameters were
similar for both negative and positive modes: sheath gas flow rate,
auxiliary gas flow rate and sweep gas flow rate: 50, 20 and O arbitrary
units respectively; capillary temperature: 350 °C; heater temperature:
50 °GC; spray voltage: 3.00 kV.

MS/MS identification of compounds was performed in full MS! fol-
lowed by data dependent MS/MS (MS-dd-MS?) or parallel reaction
monitoring (PRM) modes. Data acquisition in full MS' mode was per-
formed at 70,000 resolution, the scan range was 150-750 m/z and the
automatic gain control (AGC) target was set to 10° with a maximum
injection time (IT) of 100 ms. Data acquisition in dd-MS? or PRM modes
were performed at 17,500 resolution, the AGG target was set to 10> with
a maximum IT of 50 ms and an isolation window of 2 m/z.

Quantification of whole cannabinoids was performed in full MS!
mode. Ten point standard mixes of the available analytical standards
were prepared in ethanol and spiked with a mixture of all d-ISs at a final
concentration of 15 ng mL ™. Final calibration ranges were as follows:
0.1-1000 ng mL ™! for all compounds excluding A°-THCV, cannabicyclol
(CBL) and cannabicitran, which were added in the range of 0.05-500 ng
mL~!, and CBC, CBDV, CBG, CBN, cannabidivarinic acid (CBDVA),
cannabigerolic acid (CBGA), cannabichromevarin (CBCV), cannabi-
chromenic acid (CBCA), cannabinolic acid (CBNA), and A8-trans-tetra-
hydrocannabinol (A%-THC), which were prepared in the range of
0.025-250 ng mL ™! each.
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2.5. Method validation

The method was validated only for the compounds with analytical
standards. Calibration curves were determined empirically according to
the weighted least-squares linear regression method with a weighting
factor of 1/X. Limits of quantification (LOQs) were determined as the
lowest point in the calibration curve for which maximum deviation from
expected concentrations of 20% was observed, and minimum signal-to-
noise ratios of 10. All the standard mixes were stored at —20 °C in amber
vials. Selectivity of phytocannabinoids in biological matrices was
determined by screening of phytocannabinoids in blank matrices ac-
cording to retention time (RT) and accurate mass. Since eCBs exist in
non-spiked biological matrices, the selectivity for these compounds was
determined by spiking biological matrices with a mix of the standard
compounds, and comparing the MS/MS spectra of each component to
that of the ethanol standard mix. Resolution was calculated for adjacent
compounds with the same accurate mass. Acceptable values for the
resolution were considered to be > 1.5.

Accuracy and precision were determined by spiking each biological
matrix with two concentration levels of the standard mixes on three
different days. For the validation of serum samples, 200 pL of com-
mercial human serum was spiked in triplicates with 600 pL of the
extraction solution, consisting of different concentrations of the stan-
dard mix and d-ISs. For the validation of tissues, dissected samples were
cut into smaller segments and homogenized in the extraction solution.
The homogenate was then divided into several fractions and standards
at two different concentrations and d-ISs were added to each fraction.
Each concentration was prepared in duplicates.

Accuracy was determined to be the percent difference between the
mean concentration of the spiked analyses in relation to the non-spiked
and expected concentrations. The precision of the whole method was
assessed by calculating the relative standard deviations (RSDs) for
repeatability and reproducibility of the same spikes. Repeatability was
quantified by intra-day variation by analyzing three samples from the
same tissue on the same day (n = 3); and reproducibility was quantified
by inter-day variation, analyzing the same sample in triplicate on three
different days (n = 9).

2.6. Study of the effect of three equally high CBD Cannabis extracts on
the eCB metabolome in serum and different brain parts

Saline or three equally high-CBD Cannabis extracts (50% w/w) were
injected intraperitoneally (150 mg kg™1). Mice were sacrificed 30 min
post-injection, and their brains and blood were immediately collected
and treated as described in the method development (section 2.3).
Brains were dissected on an ice-cold dissection plate into the following
regions: cortex, cerebellum, hippocampus and hypothalamus. The
separated parts and serum were immediately frozen in liquid nitrogen,
and stored in —80 °C until extraction.

One-way ANOVA was used to determine the statistical significance of
five samples. P-values were corrected for multiple testing using the
Tukey honest significant difference (HSD) post hoc test (*p < 0.05, **p
< 0.01, ***p < 0.001, ****p < 0.0001).

3. Results and discussion

3.1. Method development and identification of whole cannabinoids in
biological matrices

First, a list of relevant compounds and their masses was compiled
based on the available literature. In a previous publication, we estab-
lished a novel MS/MS spectral library consisting of 94 phytocannabi-
noids, where, due to the lack of analytical standards (only 13 standards
available at that time), most of the compounds were putatively identi-
fied in different Cannabis extracts [10]. This library includes known
phytocannabinoids from all 10 phytocannabinoid subclasses (Fig. 1A)
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and some additional unknowns. Since phytocannabinoids are endoge-
nously metabolized in the body, analyzing some of the major types of
metabolites previously identified in human and animal blood and tissues
was also important for our method, e.g., phytocannabinoids with added
hydroxyl, carboxyl, glucuronide or carboxy-glucuronide groups
[11-14]. Phytocannabinoids are precursors for an overwhelming num-
ber of metabolites that can be potentially produced in the body.
Therefore, for practical purposes, we focused only on metabolites of the
major phytocannabinoids in decarboxylated extracts, A>-THC and CBD,
as shown in Fig. 1B. For the eCBs, compounds from 15 lipid families [6,
18-23] with at least one analytical standard available for each class
were considered. In each family, we considered eight potential FA de-
rivatives (Fig. 1C): eicosapentaenoic acid (EPA), linolenic acid (LnA),
docosahexaenoic acid (DHA), arachidonic acid (AA), linoleic acid (LA),
palmitic acid (PA), oleic acid (OA), and stearic acid (SA). Not all these
derivatives have been previously identified in biological samples,
however there is a potential for interaction with the extended eCBS, as
suggested in the literature [6,19,21,22]. The compiled cannabinoidomic
list of masses appears in Table S2. The names of the compounds were
abbreviated by the FA derivative and lipid head group.

The LC/HRMS conditions used for data acquisition were determined
using a mixture of all the analytical standards prepared in ethanol. For
the UHPLC method, we used the chromatographic conditions previously
established for comprehensive phytocannabinoid profiling of Cannabis
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extracts [10], with an additional 16 min at the high organic load, in
order to allow for the highly lipophilic compounds from the biological
matrices (mainly FAs) to elute from the column. In order to identify the
adduct ions for each type of molecule, the mix of standards was first
analyzed in full MS' mode with polarity switching. Phytocannabinoids
and their metabolites were best identified in negative mode ([M—H]")
except for cannabicitran, which was identified in positive mode
([M+H]1M. Compounds from the different lipid families were identified
in either negative or positive modes, according to the observed
hydrogen ([M—H]/[M+H]") and/or acetate [M+CH3COOH]" adducts
(Table S2). For 2-monoacyl glycerols (MAGs) and N-acyl ethanolamides
(N-EAs), both [M+CH3COOH]™ and [M+H]" adducts were observed
(Table S2), while the acetate form appeared as the major ion.
Optimization of the sample preparation method was performed by
spiking a mixture of the available analytical standards and d-ISs into a
commercial serum sample, and calculating the extraction recovery.
Liquid solvent extraction followed by protein and cells precipitation,
SPE, drying, and reconstitution in ethanol, were chosen as the preferred
extraction methods for all the biological matrices. Tissues were addi-
tionally dissected into smaller fractions and homogenized prior to liquid
extraction, in order to increase the overall surface area contact between
the extraction solvent and the sample. Protein and cells precipitation
and SPE steps were performed in order to reduce matrix effects,
contamination of the LC/HRMS instrument and increase sensitivity.
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Fig. 1. The cannabinoidomic library of relevant compounds compiled in this research. The library includes: (A) Phytocannabinoids from all 10 subclasses as recently
identified in different Cannabis extracts [10]; (B) major A°-THC and CBD metabolites; and (C) eCB and cannabimimetic lipids from 15 lipid families, each consisting

of 8 potential FA derivatives.
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Different solvents, including methanol, acetonitrile, ethanol and
hexane, with and without AcOH, were considered for the liquid and SPE
extractions. AcOH in either methanol or acetonitrile yielded the highest
recoveries for either most of the endogenous lipids or phytocannabi-
noids, respectively. The extraction solvent therefore, was chosen as a
mixture of methanol:acetonitrile:AcOH in the ratio of 50:50:0.1 v/v.

One major obstacle in the development of this method was the lack of
analytical standards (the available standards are marked with an
asterisk in Table S2), making identification and quantification of many
relevant compounds extremely challenging. In order to cope with these
challenges, we screened blood and tissues from mice with and without
Cannabis treatment, in order to identify additional compounds. To this
end, the LC/HRMS instrument was operated in MS-dd-MS? or PRM
modes according to the list of masses in Table S2.

3.1.1. Phytocannabinoids

Identification of additional phytocannabinoids in biological samples,
for which there were no analytical standards available, was performed
by spectral matching against our developed MS/MS spectral library of
phytocannabinoids in Cannabis extracts [10]. In order to verify that the

A

TS{\
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identification of the phytocannabinoids in biological matrices is not
changed compared to the plant matrix, we spiked commercial serum
samples with predominant A°-THC, CBD, A°-THCA or cannabidiolic
acid (CBDA) extracts, and analyzed them using the developed method.
The RTs and MS/MS spectra for the observed phytocannabinoids in the
spiked samples corresponded with those in the extracts and with our
MS/MS spectral library [10] (Fig. S1). Several of the phytocannabinoids
were observed in the spiked serum samples but not in the extract [for
example (—)—A9—trans—tetrahydrocannabinol—C4 (A°-THC-C4) and
(7)—Ag—trans—tetrahydrocannabiorcol—C1 (A9—THCO)] due to improved
sensitivity following SPE and reconstitution of the serum samples. Minor
peaks with the same accurate mass and RT as CBN, cannabigerol-C4
(CBG-C4) and 373-12b appeared in the blank matrix (Fig. S1).

3.1.2. A®-THC and CBD metabolites

Despite the importance of quantifying concentrations of phyto-
cannabinoid metabolites in different tissues, there are currently only
three analytical standards of A°-THC metabolites commercially avail-
able (11-OH-THC, 11-COOH-THC and 11-COOH-gluc-THC), none of
CBD. Therefore, putative identification of major A>-THC and CBD
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[M-H]- [Da] [min] [Da]
T1 OH-THC1 329.2122 6.23 311.201,173.097
T2 OH-THC2 329.2122 6.89 AL AL, 317/2340)7/
T3 11-OH-THC® 329.2122 /252 311.201,173.097
T4 COOH-THC1 343.1915 7.46 325.181, 299.202
T5 11-COOH-THC® 343.1915 7.84 325.181, 299.202
T6 THC-glucuronidel 489.2494 5.92 113.025, 85.029
T7 THC-glucuronide2 489.2494 7.47 113.025, 85.029
T8 THC-glucuronide3 489.2494 7.62 113.025, 85.029
T9 11-COOH-glucuronide-THC?  519.2236 4.47 113.025, 85.029
C1 OH-CBD1 82085192 4.20 311.201,173.097
c2 OH-CBD2 329.2122 4.60 311.201, 173.097
c3 OH-CBD3 329.2122 5.43 311.201,173.097
ca COOH-CBD 343.1915 431 325.181, 299.202
CS5 CBD-glucuronide 489.2494 3813 113.025, 85.029
Cé COOH-glucuronide-CBD 519.2236 2727 113.025, 85.029

2Absolute identification by analytical standard

Fig. 2. Identification of major phytocannabinoid metabolites by LC/HRMS/MS. Extracted ion chromatograms of the identified (A) A°-THC (T1-T9) and (B) CBD

(C1-C6) metabolites and their (C) peak annotations, accurate masses and RTs.
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metabolites was performed by screening serum samples from mice
sacrificed 0.5 and 24 h post Cannabis injection of either A°>-THC- or CBD-
rich extracts, respectively. Since A°-THC and CBD have the same
chemical formula, so do their metabolites. Therefore, metabolites with
the same accurate mass were differentiated based upon RT and MS/MS
spectra. This data, however, did not provide enough information to
clearly elucidate the specific structural isomer for each peak. Phyto-
cannabinoid metabolites were therefore identified by type, according to
accurate mass and precursor (T and C for metabolites from AS-THC and
CBD, respectively, Fig. 2A-C, and Fig. 52).

The samples were analyzed in MS-dd-MS? mode with a normalized
collision energy of 40. The accurate masses used for the screen were m/z
of 329.2122, 343.1915, 489.2494 and 519.2236, which correspond to
the addition of hydroxyl, carboxyl, glucuronide and carboxy-
glucuronide groups, respectively (Fig. 1B). Since we previously identi-
fied the masses corresponding with hydroxylated and carboxylated
forms of A°-THC and CBD in Cannabis extracts [1 0], we proceeded to
compare the spectra of the identified compounds against those present
in the Cannabis extract used for the injections, and against our developed
library of phytocannabinoids, to exclude any compounds originating
from the plant.

As expected from the higher lipophilicity of A°-THC compared to
CBD [10], the identified A°-THC metabolites elute later than those
originating from CBD with the same functional group (Fig. 2A and B for
the identified A°>-THC and CBD metabolites, respectively, annotations
appear in Fig. 2C). In addition, the same type of A°-THC and CBD me-
tabolites exhibit several product ions with different relative intensities,
as previously reported for A°~THC and CBD [10]. Furthermore, the
different metabolites have specific fragments consistent with the
cleavage of the new functional groups (Fig. S2A-S2C). For example, the
hydroxy-, carboxy- and glucuronide-phytocannabinoids display water,
CO5 and glucuronide neutral losses, respectively (Fig. 2C). All these
findings, along with the fact that these compounds were not observed in
blank serum or Cannabis extracts, increase the confidence of the putative
identification. Overall, fifteen major A°-THC and CBD metabolites were
identified, three of which were verified using analytical standards (T3,
T5 and T9, Fig. S2C).

3.1.3. eCBs

As for eCBs, additional compounds from each family, for which there
were no standards commercially available, were screened in extracts
from different mice tissues. The samples were analyzed in MS-dd-MS2 or
PRM modes. Accurate masses in the MS/MS list of relevant masses were
determined according to the polarity and adduct identified for the
analytical standard from the same lipid class (Table S2). The acetate
form of MAGs and N-EAs was not observed in MS/MS experiments
probably due to in-source fragmentation. Therefore, MS/MS analyses for
identification of additional compounds from these two groups, were
performed according to the [M-+H]" ions.

The additional compounds were putatively identified in different
mice tissues according to accurate mass, relative RT and typical MS/MS
fragment, as follows: Generally speaking, the relative chromatographic
order of elution for the different FA derivatives from all the lipid classes
was constant, with a shift for the absolute RT in relation to the head
group, as shown in Fig. 3A and B, for the elution of FAs and N-EAs,
respectively. Also, the MS/MS spectra of the different N-acyl families,
showed a characteristic fragment corresponding to the fragmentation of
the head group. For example, the fragment with m/z of 62.0601
(Fig. 3C) for all N-EA derivatives, corresponds with the loss of the
ethanolamine head group (Fig. 3D). A list of the eCBs putatively iden-
tified in this research appears in Table S3. We also searched by the same
method for compounds from N-acyl-tryptophan and N-acyl-methionine
families, which have been previously identified in the brain [6,30].
However, no potential compounds from these groups were identified in
any of the tissues analyzed in this study.

A summary of all the identified compounds, analytical and d-ISs

Talanta 219 (2020) 121336

standards in this study appears in Table S4. This cannabinoidomic li-
brary of compounds could be further expanded using other biological
matrices and Cannabis extracts, following the chromatographic and MS
characteristics suggested in this research.

3.2. Quantification and method validation

Quantification was performed in full MS! mode with polarity
switching due to the vast amount of compounds analyzed (Table S2)
with many peaks overlaps. The excellent mass resolution achieved in
this mode by the Orbitrap mass analyzer (acquisition was performed
with a resolution of 70,000) provides improved sensitivity compared to
MS/MS acquisitions (since the parent ion is analyzed and not a product
ion) for the same instrument. This allows for the reprocessing of previ-
ously acquired data in order to pinpoint additional suspect compounds
whose concentrations change due to the applied treatment and that may
have biological importance.

In order to verify that the concentrations achieved by this mode are
accurate and precise, we validated the method for the compounds with
analytical standards. All the analyzed standards fell well within the total
runtime of this method, with acceptable (>1.5) resolutions (Table S5).
In order to determine the selectivity of our method in biological
matrices, we spiked a commercial serum sample with a mix of the
standard compounds, and compared the extracted ion chromatogram
and MS/MS spectra of each component to that of the ethanol standard
mix. Since 2-MAGs spontaneously undergo isomerization to biologically
inactive 1-MAGs through the migration of the acyl group from sn-2 to sn-
1/3 position [18,31,32], in this study, we summed the peaks of 1- and
2-MAGs (total MAGS), as previously suggested in the literature [33,34].
FAs and N-oleoyl amide exhibited background peaks in blank injections.
These were however, considerably lower (at least 2 orders of magnitude
lower) than the peaks observed in the different biological matrices. For
the method validation, we therefore used only the standards of AA and
LnA that showed lower concentrations in the different matrices. 1-Pal-
mitoyl glycerol showed pronounced background peaks and was there-
fore removed from the developed method. A minor peak with the same
accurate mass and RT as CBN appeared in the blank matrix, therefore the
area of this peak was determined as the LOQ for this compound.

Cannabinoid concentrations were quantified according to the stable
isotope dilution method, by which the amount of each compound is
corrected in both calibration curves and biological samples according to
d-ISs. Since there was only a limited number of d-ISs compared to the
number of analytes, we quantified all the members of the same lipid
class using the d-IS from each family, as summarized in Table S6. All
calibration curves were linear with excellent fits (R > 0.99 for all
compounds, Table S6) and had less than 20% deviation from expected
values in the concentration ranges studied for each compound. Accuracy
and precision were determined by spiking serum, brain, liver, colon and
spleen samples with two different concentration levels of the standard
mixes (5 and 50 ng mL ™) on different days as presented in Tables S7A
and S7B, respectively. For the vast majority of the cannabinoids with d-
ISs, acceptable accuracy and precision values were observed in the two
concentrations and for all five matrices (90-110% and RSDs<15%,
respectively). Most other cannabinoids were identified with acceptable
accuracies within the range of 80-120%, and had less than 15%
repeatability and reproducibility values. Several other compounds
showed lower values, probably due to a less suitable d-IS, which does not
correct for matrix and/or recovery. Still these compounds can be
differentially quantified to observe changes in concentrations in relation
to a specific treatment, disease or condition. A®-THC and CBL showed
consistently low recoveries and were therefore removed from the
developed method.

A limitation of this method relates to several additional groups with
analytical standards, also associated with the extended eCBS, that have
been identified and characterized in different biological tissues [35-39],
but were not included in this research for the following reasons: In our
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Fig. 3. Identification of fatty lipids by LC/HRMS/MS. Chromatographic elution of (A) FAs and (B) N-EAs from the UHPLC column. The relative order of elution for
the same FA derivative is constant. (C) MS/MS spectra of N-EAs, with the corresponding [M+H]" accurate mass for each compound. As shown, all N-EA derivatives
show the fragment with m/z of 62.0601, corresponding with the loss of the ethanolamine head group, as presented for (D) AEA.

method, N-acyl-dopamines and N-acyl-serotonins were found to degrade
during the sample preparation procedure; when spiked into water, their
concentrations decreased to approximately 80% of the initial concen-
tration within 24 h. N-acyl taurines did not meet the requirements set for
the method validation and were therefore excluded from this method.
Derivatives of the cyclooxygenase-2 (COX-2), 12- and 15-lipoxygenases
(12- and 15-LOX, respectively), and the CYP enzymes were successfully
identified and extracted by the same method. However, biological
samples contained noticeable matrix compounds with the same accurate
masses as the oxygenated derivatives, and we therefore were not able to
accurately quantify them in full MS! mode. This limitation could be
overcome by a second injection of the same extracted samples to the
instrument in PRM mode, using the optimized LC/HRMS transitions and
RTs of several AA COX-2, 12- and 15-LOX derivatives, and AA, EPA and
DHA derivatives of the CYP enzymes listed in Table S8.

Semi-quantification of additional identified cannabinoids without
analytical standards, was performed according to the standard curve of a
compound from the same lipid family (Table S9). These are approxi-
mated concentrations and should be referred to as such. However, semi-
quantitative concentrations can still be compared to find significant
differences between treatments in differential analyses, as is accepted in
lipidomic studies.

3.3. eCB tone in central and peripheral tissues of mice

The developed method was first applied to study eCB concentrations
in central and peripheral tissues of naive mice (eCB tone). Since the eCBS
plays different roles in the central nervous system (CNS) and in pe-
ripheral tissues [15,40-42], and cannabinoid receptors and metabo-
lizing enzymes are differentially distributed throughout the body, in
order to maintain specific functions depending on the tissue [15,30,34,
43-47], we expected that the eCB concentrations would also vary be-
tween tissues. In Fig. 4, we show a differential analysis of average eCB
concentrations in the brains, colons, livers and spleens of six healthy,
8-10 week old, male mice.

As shown, the levels of different analytes in the same tissue vary by
over four orders of magnitude. Additionally, the concentrations of
particular analytes vary in different tissues. Several lipid families were
exclusively or considerably more highly expressed (>50%) in the brain
compared to the other tissues, including N-EAs, N-acyl-serines and N-
acyl gamma aminobutyric acids. Most N-acyl-amides and N-acyl-leu-
cines had considerably higher contents in the colon compared to the
other tissues.

Interestingly, when comparing the same compounds according to the
FA tail (Fig. S3), it can be observed that the highest concentrations of
most AA and DHA derivatives appeared in the brain. Polyunsaturated
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fatty acids (PUFAs) including AA, DHA, EPA, LnA, and several of their
mediators, have been found to be of clinical importance. AA, DHA and
their mediators, including eCBs and oxylipins, have been found to
regulate several processes within the brain, such as neurotransmission,
cell survival and neuroinflammation [48]. The contents and signaling of
several of these derivatives have been found to be altered in various
neurological disorders [49].

3.4. Differential modulation of eCB levels in the serum and brains of mice
following treatment with different Cannabis chemovars

In recent years, CBD-rich, oil-based Cannabis extracts have been
introduced into the clinical setting for reducing seizures in children
suffering from epilepsy and other indications [50]. However, although
CBD is always the major phytocannabinoid component of decarboxy-
lated Cannabis extracts derived from different CBD-rich Cannabis che-
movars, it is plausible that other low level phytocannabinoids may also
contribute to the anti-convulsant effects of Cannabis treatment, as
recently suggested by our group [10]. In order to investigate this
assumption for proof of concept, we challenged mice with either saline
(control) or one of three CBD-rich extracts (CAN1-CAN3). These extracts
had equally-high CBD levels (50% w/w), but varying concentrations of
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Fig. 4. Differential concentrations of eCBs in
mouse tissues. Compounds are arranged by lipid
class. The LC/HRMS concentrations of each
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compound were color coded in relation to the
maximum value for each compound. Absolute
values are in ng g’1 of tissue (n = 6). The names
of compounds quantified according to analytical
standards are marked in blue. Other compounds
were semi-quantified according to the available
analytical standard from the same lipid family, as
detailed in Table S9. Only compounds that had
concentrations above 1 ng g~! in any of the tis-
sues are presented. LOQ, limit of quantification.
(For interpretation of the references to color in
8 ¢] 8 this figure legend, the reader is referred to the
8 5 Web version of this article.)

Xl — |Colon

N = N N = |Liver

<LOQ <LOQ

<LOQ <LOQ
<LOQ <LOQ

other minor phytocannabinoids (Fig. S4). Mice that were 30 min
post-injection were sacrificed and both their serum and four sections of
their brain (cortex, cerebellum, hippocampus and hypothalamus) were
collected, extracted and analyzed using our LC/HRMS method.

In line with the observed differences in phytocannabinoid contents of
the three extracts (Fig. S4), substantial phytocannabinoid variances
were also detected between CAN1-CANS3 in the cortex of the challenged
mice (Fig. 5A, the semi-quantitative absolute concentrations appear in
Fig. S5). Several of the observed differences were statistically significant
as shown for selected major phytocannabinoids (Fig. 5B). Phytocanna-
binoids in other brain parts, including the cerebellum, hippocampus and
hypothalamus appear in Fig. S6A-S6C, respectively. For any particular
extract, similar phytocannabinoid profiles were observed in all brain
sections, and this profile varied in the serum, especially for CAN1
(Fig. 5B and Fig. S6A-S6C versus Fig. 5C, respectively). Suspecting that
the observed differences in phytocannabinoid profiles may be due to
phytocannabinoid metabolism, we also analyzed the concentrations of
the putatively identified CBD metabolites in the different brain sections
and in serum, as shown in the heatmap presented in Fig. 5D. The CBD
metabolite names are listed in Fig. 2C. In order to compare the different
metabolites, average concentrations were normalized against OH-CBD2
(C2) in each brain part or serum, and color coded by their values
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Fig. 5. Comparison of phytocannabinoid and major CBD metabolites concen-
trations in the cortex and serum of mice following Cannabis challenge. (A)
Differential analysis of comprehensive phytocannabinoid concentrations in the
cortex of mice challenged with three CBD-rich Cannabis extracts (CAN1-CAN3),
sacrificed 30 min post injection. Only phytocannabinoids identified in at least
one of the extracts appear in this analysis. The LC/HRMS concentrations of each
compound were color coded in relation to the maximum value for each com-
pound. The compounds with analytical standards are marked in green. Com-
parison of selected major phytocannabinoid concentrations in the (B) cortex
and (C) serum of the challenged mice show significant differences between
CAN1-CAN3. One-way ANOVA was used to determine statistical significance of
five samples. P-values were corrected for multiple testing using the Tukey HSD
post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). (D)
Comparative average concentrations of the CBD metabolites in different brain
sections and serum following Cannabis challenge. Average concentrations for
each brain section or serum were normalized against C2. Concentrations were
color coded from the minimum to the maximum values for each sample. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

(Fig. 5D).

All the CBD metabolites in the brain exhibited very similar normal-
ized values regardless of the brain section and Cannabis extract (hy-
droxylated CBD metabolites, and especially OH-CBD2, are most highly
expressed in relation to the other metabolites), consistent with the
similar CBD concentrations observed in all the brain parts. Serum con-
centrations, again showed different metabolite profiles compared to the
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brain, with the highest normalized concentration being of CBD-
glucuronide (C5). Normalized concentrations of hydroxylated CBD
metabolites were much lower in the serum compared to the brain. This is
probably due to the CYP enzymes in the brain which have been found to
metabolize phytocannabinoids [14]. The results also identify differences
between brain and peripheral CBD metabolism. CAN1 has a different
serum metabolite profile compared to the other Cannabis extracts
[especially higher relative concentrations of OH-CBD3 (C3)]. This may
be due to the differences in other-than CBD phytocannabinoids, as
previously suggested for the altered pharmacokinetics of A°-THC in the
presence of CBD [51].

Concentrations of major N-EAs, MAGs and N-acyl glycines (N-Glys)
in the mouse cortex appear in Fig. 6A-C, and for the cerebellum, hip-
pocampus and hypothalamus in Fig. S7A-S7C, S7D-S7F and S7G-S7I,
respectively. These groups of compounds have been suggested to be
involved in the modulation of different physiological behaviors and/or
pathological conditions in the brain [15,18,23,52,53]. Serum concen-
trations of N-EAs and MAGs appear in Fig. 6D and E, respectively.
Concentrations of N-Glys in the serum were below the LOQ for most
compounds. Annotated parts of the brain appear in Fig. 6F. All the
compounds in this figure were quantified according to analytical stan-
dards. Unlike with the phytocannabinoids, basal concentrations of eCBs
change in relation to the lipid family and brain part. According to this
figure, a Cannabis challenge in the specified concentration and time
point, significantly decreased the N-EA contents in the cortex and hip-
pocampus compared to the controls (Fig. 6A and S7D, respectively).
Interestingly, significant differences were also observed in several N-EAs
in the cortex between CAN1 and CAN3 (Fig. 6A), suggesting an effect
caused by other-than CBD phytocannabinoids (Fig. 5A). Several N-Glys
in the cortex and cerebellum also showed significant reductions in eCB
contents compared to the control group as a result of Cannabis challenge
(Fig. 6C and S7C, respectively).

In order to test the hypotheses for the involvement of the eCBS in
pathological or physiological conditions, many studies today analyze the
contents of circulating eCBs. Phytocannabinoids and their metabolites
are also frequently analyzed in the circulation in the context of Cannabis
treatment, in order to study their pharmacokinetics, bioavailability in
relation to specific formulations and modes of consumption, as well as
their dose-response effects. This is mainly due to the fact that blood is
relatively easy to sample, which is an important consideration, espe-
cially in human studies. However, circulating eCBs often do not repre-
sent local disturbances to the eCB tone as observed in specific tissues
[34]. This is also the case for Cannabis treatment as shown in Fig. 6 and
S7, where phytocannabinoids were found to exert different effects on
eCB concentrations in the peripheral and central systems. Moreover,
peripheral phytocannabinoid metabolism was found to lead to some-
what different profiles of phytocannabinoids and their metabolites,
compared to the brain (Fig. 5 and S6). This emphasizes the importance
of analyzing whole cannabinoids in the tissue of target in order to pre-
cisely evaluate the efficacy of the Cannabis treatment and elucidate
mechanisms of action.

The observed modulation of eCB concentrations as a result of
Cannabis challenge (Fig. 6A-C and S7) was found to differ between brain
sections with different functions. This is consistent with a recent study
that investigated the effect of acute A°-THC on the developing brain, and
concluded that A°-THC changes the brain lipidome and transcriptome
differentially in the adolescent and the adult mouse [30]. In this study,
we further demonstrate for the first time, that different Cannabis extracts
with equal amounts of CBD but different phytocannabinoid profiles
(Fig. S4), led to differential effects on the eCB metabolome. We feel it is
important to note that these phytocannabinoid contents and effects are
time- and concentration-dependent. In order to analyze the exact effect
of phytocannabinoids on the eCB metabolome, it is important to deter-
mine the dosing effect of a specific extract, and to analyze several time
points. It should also be noted that the observed variations in eCB
mediator levels could be due to several other factors, including other
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Fig. 6. Modulation of the endocannabinoid metabolome in different brain sections and serum following Cannabis challenge. Concentrations of selected major (A) N-
EAs, (B) MAGs and (C) N-Glys in the cortex; and (D) N-EAs and (E) MAGs in the serum of mice, challenged with either saline (control) or one of the three CBD-rich
Cannabis extracts (CAN1-CAN3). One-way ANOVA was used to determine statistical significance of five samples. P-values were corrected for multiple testing using
the Tukey HSD post hoc test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). The excised brain parts appear in (F).

non-phytocannabinoid components in the extracts, or the presence of
CBD itself that is accompanied by other molecules, which may alter its
capability of eCB degradation or cellular reuptake, as suggested by De
Petrocellis et al. [54]. In order to suggest a cause-effect relationship
between the administration of different extracts and their effects on the
eCBS, a more detailed study including dose-response effects and mech-
anistic considerations, should be employed. However, this was beyond
the scope of the current study and remains for future research.

4. Conclusions

In this study, we describe the development and validation of an
analytical approach, termed “cannabinoidomics.” The method’s funda-
mental principles and main strengths include: (a) the establishment of a
novel cannabinoidomic library based on the compounds identified in
this study, including 57 phytocannabinoids, 15 A°-THC and CBD me-
tabolites, and 78 eCBs; (b) the development of single extraction and LC/

10

HRMS methods for simultaneous extraction and comprehensive
profiling of all the cannabinoids in the cannabinoidomic library, and
from numerous biological matrices; and (c) the validation of the
developed method for the compounds with analytical standards.

For proof of concept, we validated this method by analyzing the
serum and brains of mice challenged with three different CBD-rich ex-
tracts. Our results demonstrate that different Cannabis extracts lead to
varied effects on eCB concentrations, and on the CBD metabolite profile
in the peripheral and central systems. These could be due to the content
of the minor phytocannabinoid or non-cannabinoid contents in the
different extracts, and should be further researched by applying the
developed approach. This type of modulation of the eCBS has been
suggested as an emerging target of pharmacotherapy. It is important,
therefore, that biological and pharmaceutical preclinical and human
studies that involve the eCBS, will derive accurate and comprehensive
measurements of whole cannabinoids in biological matrices. We envi-
sion that the application of the developed approach in these studies will
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enable further elucidation of the involvement of the eCBS in various
physiological and pathological conditions, in order to study the efficacy
and safety of Cannabis treatment on these conditions, and to ultimately
develop new Cannabis-based therapeutics.
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