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Analysis of 14 endocannabinoids and endocannabinoid congeners
in human plasma using column switching high-performance
atmospheric pressure chemical ionization liquid
chromatography–mass spectrometry
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Abstract
The endocannabinoid system (ECS) is a complex cell-signaling system. To address the growing need of analytics capturing
endocannabinoid levels to investigate the ECS, we developed and validated an assay for the quantitative analysis of 14
endocannabinoids and congeners. A simple extraction using protein precipitation with acetonitrile followed by online-trapping
high-performance liquid chromatography–tandem mass spectrometry (LC/LC-MS/MS) was used to monitor the levels of 14
endocannabinoids in plasma. The assay was validated and intra-run and inter-run accuracies and imprecisions as well as matrix
effects, recoveries, and sample stabilities were determined. As a proof of concept, a subset of study samples after naturalistic
administration of Cannabis flower and concentrate was analyzed. With the exception of N-oleoyl dopamine and oleamide, all
endocannabinoids fulfilled the predefined acceptance criteria. Reproducible recoveries and no significant matrix effects were
observed. Sample stability was an issue. Analysis of the proof-of-concept study samples revealed a significantly (p = 0.006)
higher concentration of docosatetraenoyl ethanolamide in concentrate users (300 ± 13 pg/mL) compared to flower users (252 ±
11 pg/mL). A robust, sensitive high-throughput assay for the quantitation of 14 endocannabinoids and congeners was success-
fully validated. Our study showed that it is mandatory to (A) appropriately stabilize samples and (B) separate and separately
quantify 1-AG and 2-AG; otherwise, study results are unreliable. The analysis of study samples from Cannabis flower users
versus Cannabis concentrate users revealed higher levels of docosatetraenoyl ethanolamide and anandamide (n.s.) in high THC
concentrate users in accordance with the existing literature, supporting the validity of the assay measurements.
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Endocannabinoid System

Introduction

At the beginning of this century, the endocannabinoid system
was primari ly def ined by three components: the
endocannabinoids, the enzymes that synthesize and degrade
the endocannabinoids, and the cannabinoid receptors CB1 and
CB2 [1, 2]. The first two endocannabinoids discovered, anan-
damide (N-arachidonoylethanolamine; AEA) and 2-
arachidonoylglycerol (2-AG), are still the most studied so far
[3]. Unlike classical neurotransmitters and neuropeptides,
endocannabinoids are not stored in vesicles in the cell, rather
they are produced on demand from membrane phospholipids
by a series of intracellular enzymes and released from cells,
followed by immediate action as signaling molecules [4].
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After reuptake by cells, they are rapidly inactivated by enzy-
matic hydrolysis. An influx of calcium (Ca2+) in the postsyn-
aptic cell activates phospholipase D (PLD), which acts on N-
arachidonoyl phosphatidylethanolamine (NAPE) to produce
anandamide. 2-AG is synthesized by diacylglycerol lipase
(DAGL)-α and DAGL-β [2]. Endocannabinoids exert their
effects mainly through the G protein–coupled cannabinoid
receptors type 1 (CB1) and type 2 (CB2). These receptors
are guanine nucleotide–binding (G) protein–coupled receptors
coupled to Gi/o transduction pathways, and their activation
leads to inhibition of adenylate cyclase (AC), opening of pre-
synaptic potassium (K+) channels, and inhibition of presynap-
tic Ca2+ channels ([5, 6]. These effects result in inhibition of
releases of glutamate or γ-aminobutyric acid (GABA) from
presynaptic terminals. Anandamide is transported into the cell
via the endocannabinoid transporter (ECT) and is degraded by
the fatty acid amide hydrolase (FAAH) to arachidonic acid
and ethanolamine. Similarly, 2-AG is degraded by
monoacylglycerol lipase (MAGL) [5, 7, 8]. Additionally, they
are also able to interact with non-CB1/non-CB2 targets, in-
cluding the transient receptor potential vanilloid type 1
(TRPV1) channel [1], peroxisome proliferator-activated re-
ceptor (PPAR)-α, and PPAR-γ [9] as well as the G protein–
coupled receptor GPR55 [2, 10]. However, since the introduc-
tion of anandamide and 2-AG, numerous additional
endocannabinoids and endocannabinoid congeners have been
discovered. These compounds that directly or indirectly bind
to the cannabinoid receptors include docosatetraenoyl
ethanolamide (DEA), dihomo-γ-linoleoylethanolamide (DH-
g-LEA), N-arachidonoyl dopamine (NADA), 2-
a r a c h i d o n o y l g l y c e r o l e t h e r ( 2 - A G E ) , O -
arachidonoylethanolamide (O-AEA), N-oleoyl dopamine
(ODA), oleamide (OLA), linoleoyl ethanolamide (LEA),
oleoyl ethanolamine (OEA), palmitoyl ethanolamide (PEA),
and stearoyl ethanolamide (SEA) [8].

The term “endocannabinoid system” (ECS) in a strict sense
refers to the two cannabinoid receptors CB1 and CB2, the
endocannabinoids per se, and a group of enzymes involved
in their synthesis and breakdown [3]. However, the ECS
should not be considered a specific and distinct biological
system. It has become increasingly clear how much the ECS
is intertwined with other lipid- or non-lipid signaling path-
ways and connected to other regulatory networks. From a
biochemical point of view, classical endocannabinoids can
be seen as part of a large family of structurally related amides,
esters, and ethers of fatty acids, which are continuously
formed and degraded in a dynamic equilibrium [3].
Endocannabinoids show an overlapping activity for molecular
targets that go far beyond the classical cannabinoid receptors
and interact with other receptors besides CB1 or CB2, with
potencies that differ little from those with which they interact
with the cannabinoid receptors [3, 11, 12]. In addition, the
biochemical pathways for synthesis and degradation of

endocannabinoids and their congeners show several cross-
roads and connections with those of other bioactive lipids
resulting in a number of regulatory nodes [9, 13]. There is a
growing consensus that an “expanded’” view of the ECS, also
referred to as “endocannabinoidome,” would be more appro-
priate to study and understand its full dimensions [1, 3, 14].
There have been several assays described in the literature for
the quantitation of endocannabinoids using HPLC-MS; most
of these were focused on the analysis of anandamide, 2-AG,
and up to 3 endocannabinoid congeners [15–24] and often
used more extensive sample workup procedures; some of
these have used simple sample workupwith column switching
technology [15, 16, 24]. To address the growing need of an-
alytics capturing endocannabinoid levels to probe the ECS/
endocannabinoidome, we have developed and validated an
assay for the quantitative analysis of 14 endocannabinoids
and congeners. This includes several new endogenous canna-
binoid receptor ligands as well as several endocannabinoid
congeners that have been recently discovered. To probe the
main endocannabinoids of the ECS, the assay focuses on the
analysis of AEA, 2-AG, DEA, DH-g-LEA, NADA, 2–2-
AGE, O-AEA, ODA, OLA, LEA, OEA, PEA, and SEA. It
was the goal of this study to develop a comprehensive
endocannabinoid panel assay and perform an internal valida-
tion. Furthermore, the assay was validated externally using
samples fromCannabis users in a proof-of-concept sub-study,
during which samples were collected from 2 different groups
of Cannabis users (flower users and concentrate users).

Methods

Development, analytical parameters, and assay
procedures

Chemicals and reagents Solvents and reagents (HPLC grade
acetonitrile, methanol, water, formic acid) used for mobile
phases and sample extraction in this study were purchased
from Fisher Scientific (Fair Lawn, NJ, USA) and used without
further purification. The solvent (ethanol) used for the prepa-
ration of stock solutions and phosphate-buffered saline (PBS)
was purchased from Sigma-Aldrich Chemicals (St. Louis,
MO, USA). All study compound reference materials includ-
ing anandamide (arachidonoyl ethanolamide, AEA), 2-
arachionoylglycerol (2-AG), 1-arachionoylglycerol (1-AG),
docosatetraenoyl ethanolamide (DEA), dihomo-γ-
linoleoylethanolamide (DH-g-LEA), N-arachidonoyl dopa-
mine (NADA), 2-arachidonoylglycerol ether (2-AGE), O-
arachidonoylethanolamide (O-AEA), N-oleoyl dopamine
(ODA), oleamide (OLA), linoleoyl ethanolamide (LEA),
oleoyl ethanolamine (OEA), palmitoyl ethanolamide (PEA),
and stearoyl ethanolamide (SEA) were received from Cayman
Chemical Company (Ann Arbor, MI, USA). All isotope-
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labeled internal standards including 2-arachidonoylglycerol-
d5 (2-AG-d5), anandamide-d4 (AEA-d4), N-arachidonoyl do-
pamine-d8 (NADA-d8), linoleoyl ethanolamide-d4 (LEA-
d4), oleoyl ethanolamide-d4 (OEA-d4), palmitoyl
ethanolamide-d4 (PEA-d4), and stearoyl ethanolamide-d3
(SEA-d3) were received from Cayman Chemical Company
(Ann Arbor, MI, USA).

For the enrichment of QC samples, blank human K2EDTA
plasma from Bioreclamation IVT (Westbury, NY, USA) was
used, and for calibrator standard preparation, charcoal-
stripped plasma from BioCheMed (Winchester, VA, USA).

Calibrators and quality control samples Stock solutions of the
endocannabinoids AEA, O-AEA, DH-g-LEA, DEA, ODA,
and NADA were prepared at 500 μg/mL in ethanol. All other
endocannabinoids and congeners were prepared at 1 mg/mL
in ethanol. A mixed stock solution of the endocannabinoids
was prepared in ethanol at the concentration of 10 μg/mL for
AEA, DH-g-LEA, DEA, ODA, NADA, SEA, O-AEA, 2-
AGE, OEA, and LEA, at the concentration of 100 μg/mL
for PEA, 2-AG, and 1-AG, and at the concentration of
50 μg/mL for OLA. This mix was used to generate calibration
curves in the range between 10 pg/mL and 50 ng/mL (0, 0.01,
0.025, 0.05, 0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50 ng/mL) for
most endocannabinoids in 1/10 diluted charcoal-stripped plas-
ma (PEA, 2-AG and 1-AG were 10-fold higher and OLA was
5-fold higher). Quality control samples were prepared in a
similar manner. However, all stocks and working solutions
were prepared independently from the calibrators and human
K2EDTA plasma was used instead of diluted charcoal-
stripped plasma. Enriched plasma concentrations for QCs
were 0.4, 4, 15, and 40 ng/mL (PEA, 2-AG and 1-AG were
10-fold higher and OLA was 5-fold higher). To cover the low
range of the assay, mixed plasma lots containing the endoge-
nous concentrations of endocannabinoids were diluted 1/3 and
1/9. The internal standards were prepared in ethanol at a con-
centration of 100 μg/mL AEA-d4, 2-AG-d5, PEA-d4, LEA-
d4, and OEA-d4 in ethanol. The internal standards NADA-d8
and SEA-d3 were prepared at 1000 and 200 μg/mL, respec-
tively. An internal standard mix was prepared and stored at
−80 °C until preparation of the protein precipitation solution.
One hundred milliliters of the protein precipitation solution
(acetonitrile) was enriched with 200 μL of the internal stan-
dard mix resulting in a final concentration of 2 ng/mL for
AEA-d5, 2-AG-d5, PEA-d4, LEA-d4, and OEA-d4, 8 ng/
mL for SEA-d3, and 10 ng/mL for d8-NADA in the protein
precipitation solution. Working solutions were always pre-
pared freshly and had to be used within 1 day.

Sample extraction procedure Aliquots of 200 μL of the cali-
brator, quality control, or study sample were transferred into a
1.5-mL polypropylene vial with conical bottom and snap-on
lid. Eight hundred microliters of acetonitrile containing the

internal standards (2 ng/mL for AEA-d5, 2-AG-d5, PEA-d4,
LEA-d4, OEA-d4, 8 ng/mL for d3-SEA, and 10 ng/mL for d8-
NADA) was added and samples were mixed for 10 min on a
vortex mixer (Multitube vortexer, Fisher Scientific, Waltham,
MA, USA). Samples were centrifuged at 25,000×g and 4 °C
for 10 min (MR 23i centrifuge with a fiberlite rotor, Thermo
Scientific, Waltham, MA, USA). Seven hundred fifty micro-
liters of the supernatant was transferred into HPLC vials,
450 μL of 0.1% formic acid in water was added, and the
extracts were briefly vortexed. The sample extracts were
placed into the HPLC autosampler for subsequent analysis.

Endocannabinoid LC/LC-APCI-MS/MS An Agilent 1200
Series LC/LC system (Agilent Technologies, Palo Alto,
CA, USA) with online-trapping column (Agilent Zorbax
C18, 12 mm · 4.6 mm, 5-μm particle size) and an analytical
column (Poroshell 120 EC-C18, 50 mm · 4.6 mm, 2.7-μm
particle size, Agilent Technologies, Palo Alto, CA, USA)
coupled to a Sciex API5500 triple quadrupole mass spec-
trometer (Sciex, Framingham, MA, USA) was used for
separation and quantitative analysis of endocannabinoids.
The use of the less sensitive Sciex API5000 mass spectrom-
eter also resulted in sufficient sensitivity if only quantifier
ions were monitored. However, the data presented in this
manuscript derived from a system with a API5500 detector.
The HPLC system consisted of the following components:
CTC PAL autosampler (Leap Technologies, Carrboro, NC,
USA) in combination with a G1316C thermostat and two
G1312B binary pumps (Agilent Technologies, Palo Alto,
CA, USA). The two columns and the two binary HPLC
pumps were connected via a column switching valve that
was mounted on a step motor (Rheodyne, Cotati, CA,
USA) (Supplementary Information (ESM) Fig. S1). Four
hundred microliters of the samples were injected onto a
4.6 · 12.5 mm extraction column (Zorbax XDB C18,
Agilent Technologies, Palo Alto, CA, USA) with a particle
size of 5 μm. Samples were loaded and washed with a
mobile phase of 35% acetonitrile supplemented with 0.1%
formic acid and 65% 0.1% formic acid in HPLC grade
water. The flow was increased from 0.5 to 1.5 mL/min
within 1 min. The extraction column was kept at room
temperature. After 1 min, the switching valve was activated
and the analytes were eluted in the backflush mode from
the extraction column onto a 4.6 · 50 mm Poroshell Eclipse
C18, 2.7-μm analytical column (Agilent Technologies,
Palo Alto, CA, USA), which was kept at 60 °C. The ana-
lytical gradient started at a flow rate of 800 μL/min with
65% aqueous solvent (0.1% formic acid in water) and 35%
organic solvent (0.1% formic acid in acetonitrile). After 1
min, the flow rate was increased to 1000 μL/min and or-
ganic solvent was increased to 65% within the next 0.3 min.
At minute 2.5, the organic solvent was increased to 70%,
and at minute 2.6 to 77%. For the following 1.3 min, the
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organic solvent was kept at 77%. This was followed by an
increase to 90% organic solvent at minute 4. This was kept
for 1.2 min and followed by an increase to 100% organic
solvent within the next 0.3 min. The solvent was kept at
100% organic for the next 0.7 min (until minute 6.2).
Hereafter, the column was re-equilibrated for 1.7 min to
the initial conditions (800 μL/min and 65% aqueous sol-
vent). The HPLC system was connected to the API5500
mass spectrometer via a turboV ion source (Sciex,
Framingham, MA, USA) operated in positive atmospheric
pressure chemical ionization mode (APCI). The nebulizer
current was set to 3 kV and the temperature was set to
450 °C. The mass spectrometer was operated in positive
multiple-reaction monitoring mode (MRM) and the
compound-specific settings are listed in the ESM
Table S1. The HPLC system, mass spectrometer, and col-
umn switching valve were controlled by Analyst software
(Sciex, Framingham, MA, USA), and data was processed
using Multiquant software version 3.0.2 (Sciex).
Endocannabinoids were quantified by calculating the ana-
lyte area-under-the-peak/internal standard under-the-peak
ratios and comparison to those of calibration curves con-
structed using 1/10 diluted charcoal-stripped plasma.

Internal validation

Validation strategy The sample matrix for the validation was
enriched human plasma and diluted human plasma. The dilu-
tion was chosen to extend the evaluated working range up to
9-fold below the average endogenous concentrations of
endocannabinoids. The assay was completely validated using
quality control samples, including inter-day performance and
stability.

Specificity, selectivity, recovery, matrix effect (ion suppres-
sion/enhancement), and carry-over effect A blank sample of
each individual lot was extracted to show that there was no
endogenous interference (signal needed to be less than 20%
of the LLOQ). In this case, since endocannabinoids are endog-
enous compounds, the enrichment of blank samples and the
increase in signal at the exact retention time of the
endocannabinoid were evaluated. This experiment assessed
specificity and selectivity. To exclude interferences in the ma-
trices, plasma samples from 6 individuals (BioreclamationIVT,
Westbury, NY, USA) were processed following the procedures
described by Matuszewski et al. [25]. Briefly, samples were
enriched at QC levels before (EB) and after extraction (EA)
and were compared to enriched buffer samples (BF). The ratio
of the EB sample compared to the EA sample reveals the re-
covery. The EA samples compared to the BF samples reflect
the matrix effect in the samples from the different individuals.
A potential carry-over was evaluated by analysis of buffer sam-
ples following the highest calibrator and quality control.

Range of reliable response The lower limit of quantification
(LLOQ) and range of reliable response was determined by
analysis of 6 sets (n = 6) of quality control samples. Since
endocannabinoids are endogenous samples, diluted blank sam-
ples were used to evaluate the LLOQ. The requirement for the
LLOQ was a minimum mean accuracy between 75 and 125%
and for at least 2/3 of all calibrators at this level. The RSD%had
to be less than 20% and the correlation coefficient (r) >0.99.

Intra- and inter-day accuracy and imprecision Intra-day and
inter-day accuracy and imprecision were established for the
duration of 4 days based on the analysis of QC samples. Each
day, 6 QCs were analyzed per level (n = 6). Two calibration
curves were generated, and one was analyzed at the beginning
and one at the end of the analytical batch.

Stability assessment Stock solution stability was assessed by
analysis of a buffer stock solution at 200 ng/mL that was
stored at −20 °C for the duration of 0, 1 week, 1 month, and
3 months. Autosampler stability was assessed by analyzing a
set of QCs after 24 h and 72 h in the autosampler at +4 °C.
These QCs were analyzed together with freshly prepared cal-
ibrator samples. Freeze-thaw cycle stability was assessed by
exposing sets of QCs to 0, 1, and 3 freeze-thaw cycles
(−80 °C) followed by analysis using a freshly prepared cali-
bration curve. Benchtop stability was assessed by placing
plasma QCs for the duration 3 h and 6 h and 24 h on the bench
at ambient temperature prior to analysis. Short-term stability
was assessed by storing QC samples at room temperature and
4 °C for 1 day and 7 days prior to analysis. Long-term stability
was assessed by storing QC samples at −20 °C and − 80 °C for
the duration of 3 months.

Acceptance criteria For all experiments (specificity, selectivi-
ty, recovery, matrix effect, determination of the range of reli-
able response, intra- and inter-day accuracy and imprecision,
and stability assessment), two calibration curves were gener-
ated. The requirements were a minimum mean accuracy be-
tween 80 and 120% within the range of the assay and for at
least 3/4 of all calibrators with a correlation coefficient (r)
>0.99. Two thirds of all quality control samples and stability
samples had to be within 80–120% and the %CV had to be
≤20% [26].

External validation

Proof of concept study samples Endocannabinoids were ana-
lyzed in a subset of samples collected during observational
research investigating the effects of naturalistic Cannabis ad-
ministration using different Cannabis products in Colorado.
The research was approved by the University of Colorado
Boulder Institutional Review Board and the primary outcomes
have been published previously [27].
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Sample stability sub-study It was the aim of the first sub-study
to investigate the stability of samples when stored with or
without addition of 0.5% formic acid as stabilizing agent.
This research involved a cohort design in which Cannabis
flower users and concentrate users were randomly assigned
to higher- vs lower-THC products within user groups. Of the
133 individuals enrolled and assessed, 55 regular flower
Cannabis users and 66 regular concentrate Cannabis users
complied with the study’s Cannabis use instructions and had
complete data across primary outcomes. Flower users were
randomly assigned to use either 16% or 24% THC flower
and concentrate users were randomly assigned to use either
70% or 90%THC concentrate that they purchased from a state
market dispensary. Potency effects were not seen in the pri-
mary study, so the different strain potencies were not evaluat-
ed here. Samples from both studies were used. In the first sub-
study, a total of 130 samples from 34 subjects (enrolled in
either study) were collected via venous blood draw into regu-
lar K2EDTA containers (Becton Dickinson, Franklin Lakes,
NJ, USA). After plasma was generated, one aliquot of 0.9 mL
of sample was stored in tubes containing 0.1 mL of 5% formic
acid and mixed, and the second aliquot was stored without any
additives. All samples were stored in glass containers at
−70 °C or below in monitored freezers until analysis.

Cannabis potency effect sub-study For the second
endocannabinoid sub-study, a subset of 36 study subjects
(18 flower users and 18 concentrate users) and a total of 143
samples (73 flower user samples and 70 concentrate user sam-
ples) was analyzed. For this proof-of-concept study, samples
were not collected with the addition of stabilizing formic acid.
It was the aim of this study to evaluate the endocannabinoid
levels in the 2 study groups (flower users versus concentrate
users) and to evaluate if the regular consumption of different
potencies of Cannabis products affects the endocannabinoid
levels.

Statistics All statistics for the determination of validation pa-
rameters as well as distribution statistics, correlation analysis,
and analysis of variance (with Tukey’s post hoc test) for the
comparison of the differentCannabis user groupswere carried
out using IBM SPSS (SPSS Statistics for Windows, Version
26.0, IBM, Armonk, NY, USA). For correlation analysis, data
were processed after and without log-transformation.

Results

Assay optimization During the assay development, various
chromatographic conditions and column materials were tested
to achieve separation of 2-arachidonoylglycerol (the active
endocannabinoid) from the naturally occurring structural iso-
mer 1-arachidonoylgycerol (1-AG, not an endocannabinoid).

This could be achieved using a superficially porous reversed
phase column (4.6 · 50 mm Poroshell Eclipse C18, 2.7 μm) in
combination with a stepwise gradient of 0.1% formic acid in
water and 0.1% formic acid in acetonitrile (for specifics,
please see methods section). Figure 1 shows the chromato-
graphic separation of 1-AG from 2-AG. Using the chromato-
graphic parameters described in the methods section, baseline
separation of these 2 structural isomers could be
accomplished.

Sample matrix evaluation Our experiments also proved that
isomerization from 2-AG to 1-AG was inhibited by lowering
the pH of plasma or whole blood samples (see Fig. 1). Based
on these results, it was determined that a pH range of 4–5 was
sufficient to stabilize 2-AG. This could be accomplished if 9
parts K2EDTA whole blood or plasma was acidified with
addition of 1 part of 5% formic acid in water. However, acid-
ification of K2EDTA whole blood did not work out, since
EDTA lost its ability to bind divalent ions and whole blood
samples coagulated following freeze-thaw cycles. In addition,
initial experiments showed that the amount of 1-AG formed
from 2-AG is much lower than the amount of initial 2-AG in a
stabilized sample. This becomes clear from Fig. 1a (stabilized
plasma) compared to Fig. 1b (plasma without acidification) as
well as Fig. 1c (stabilized whole blood) compared to Fig. 1d
(whole blood without acidification), showing more than 2
orders of magnitude signal loss in the non-acidified samples.

Specificity, selectivity, recovery, matrix effect (ion suppression/
enhancement), and carry-over effect Since endocannabinoids
are endogenous compounds that are naturally abundant in
human blood, a matrix depleted of endocannabinoids is not
available. The responses at the retention times of the 14
endocannabinoids in the ion chromatograms of extracted
charcoal-stripped human EDTA plasma sample matrix was
less than 20% of the detector response of that of the lowest
calibrators or its internal standards with the exceptions of
OLA, SEA, PEA, and LEA. However, this simply indicated
that charcoal-stripped plasma was not completely depleted of
said endogenous analytes. Additionally, enrichment of plasma
with the study analytes and determination of retention times
and signal comparison to buffer samples revealed that the
method for analyzing the 14 endocannabinoids in human
EDTA plasma was considered specific. Representative ex-
tracted ion chromatograms of the individual study compounds
from blank (non-enriched) calibrator standards, standards at
the corresponding lower limits of quantitation, and from rep-
resentative study samples are shown in the ESM Fig. S2.

Extraction recovery was evaluated by comparison of QC
samples that were enriched and then extracted to QC samples
that extracted first and then enriched to the same concentra-
tions. Six individual lots were tested at the 3 QC levels. All
samples had initially to be corrected for the area of the
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endogenous endocannabinoid signal. All recoveries were
above 70% and reproducible (%CV ≤20%) with the excep-
tions of OLA and SEA (see Table 1).

Based on the analysis of enriched extracted blank plasma
samples from 6 individuals that were enriched after extraction
and compared to buffer samples (no matrix), the 14 com-
pounds revealed matrix effects from mild ion suppression to
mild ion enhancement. Matrix effects were determined as pre-
viously described by Matuszewski et al. [25]. All matrix ef-
fects were reproducible for the individual lots tested (%CV ≤
20%) with the exception of OLA.

The analysis of blank and enriched human EDTA plasma
samples from 6 individuals showed acceptable results for all
analytes with the exception of SEA and OEA. More than 2/3
of the tested samples were required to be within 80–120%.
The values for SEA and OEA were with 70–130% of the
nominal concentration (data not shown). Thus, matrix inter-
ferences were not abundant for the majority of analytes.

Range of reliable response Since endocannabinoids are en-
dogenous samples, diluted blank samples were used to

evaluate the LLOQ. The lower limit of quantification
(LLOQ) and range of reliable response was determined by
analysis of 6 sets (n = 6) of quality control samples. The assay
was linear from 0.05–50, 0.25–50, 0.26–500, 2.1–500, 0.18–
50, 0.55–50, 0.05–50, 0.10–50, 0.05–50, 74.8–250, 1–500, 1–
50, 0.34–50, and 0.70–50 for AEA, O-AEA, 2-AG, 1-AG,
DEA, 2-AGE, DH-g-LEA, NADA, ODA, OLA, PEA, SEA,
LEA, and OEA, respectively. The acceptance criteria of more
than 3/4 of calibrators were required to be within 80–120% of
the nominal value with a %CV of less than 20%.

Intra- and inter-day accuracy and imprecision Intra-day and
inter-day accuracy and imprecision were established for over
4 different days. Six sets of QCswere analyzed per level (n = 6
each day). All compounds with the exceptions of ODA and
OLA fulfilled the predefined acceptance criteria for intra- and
inter-run accuracy and imprecision of 80–120% and ≤
20%CV, respectively (see Table 2). In this context, one level
for ODA one analysis day (intra-run on day 4 and inter-run at
the LLOQ) failed the acceptance criteria, whereas the accep-
tance criteria for OLA could not be met on most days.

Fig. 1 Representative extracted ion chromatograms of plasma and whole
blood collected and stored under varying conditions: a K2EDTA plasma
processed and stored with 0.5% formic acid final concentration (pH 4–5);

b K2EDTA plasma with no other additives; c K2EDTA whole blood
sample with additive of 0.5% formic acid final concentration; and d
K2EDTA whole blood sample without addition of formic acid
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Stability assessment Stability of extracted samples in the
autosampler was evaluated for up to 48 h. QC samples were
extracted, stored in the autosampler for 1 and 2 days. Each
day, the QC samples were analyzed alongside a freshly pre-
pared calibration curve. All endocannabinoids with the

exception of OLA and ODA were stable in the autosampler.
To determine the impact of freeze-thaw cycles, plasma sam-
ples were exposed to 0, 1, and 3 freeze-thaw cycles. All
endocannabinoids except for 2-AG and DH-g-LEA were sta-
ble for up to 3 freeze-thaw cycles. In this context, 2-AG and
DH-g-LEA showed 30% decay after one freeze-thaw cycle.
To evaluate sample benchtop stability, plasma samples were
stored on the benchtop at ambient temperature for 3, 6, and
24 h. Most endocannabinoids with the exception of O-AEA,
2-AG, 1-AG, 2-AGE, and ODA were stable for up to 3 h. For
extended benchtop storage, most endocannabinoids showed
instability. Short-term stability was evaluated in plasma sam-
ples, which were stored at 4 °C and − 20 °C for 1 and 7 days.
All endocannabinoids were stable for up to 1 week when
stored at −20 °C. Storage at 4 °C resulted in instability for
most endocannabinoids. Further stability was established in
plasma samples that were stored at −80 °C for 3 months.
The results showed that most endocannabinoids with the ex-
ception of LEA and OEAwere stable when stored under these
conditions for 3 months.

Study sample stability assessment Samples from 130 study
subjects were collected. One sample from each individual was
stored in plasma without formic acid and one in plasma sup-
plemented with formic acid. The samples were collected in the
time period between March 27, 2018, and December 18,
2018, and analyzed in October 2019 in collaboration with
the Institute of Cognitive Science, University of Colorado
Boulder, Boulder, CO, USA. Consequently, the samples were

Table 2 Key assay performance parameters

Component LLOQ ULOQ Intra-run Inter-run

(ng/ml) (ng/ml) Accuracy Imprecision Accuracy Imprecision

AEA 0.05 50 87.7–123.3 1.5–21.9 91.2–118.2 2.7–15.2

O-AEA 0.25 50 71.2–102.1 2.6–12.7 87.1–99.9 4.5–14.6

2-AG 0.25 500 79.3–99.4 3.6–9.0 87.7–96.7 6.9–12.2

1-AG 2.5 500 89.8–120.5 2.4–10.7 93.2–104.4 5.2–12.9

DEA 0.25 50 85.8–112.7 2.6–12.6 90.9–102.2 5.3–14.1

2-AGE 0.5 50 91.0–124.4 3.8–24.2 102.4–108.1 7.3–15.8

DH-g-LEA 0.05 50 77.7–105.2 1.6–13.5 88.3–97.7 7.3–11.4

NADA 0.1 50 79.0–113.9 2.0–12.0 94.0–100.4 5.5–16.2

ODA 0.05 50 56.7–150.8 2.3–70.7 85.4–118.7 13.2–33.8

OLA 5 250 81.9–117.2 3.6–93.7 95.5–99.7 7.0–49.6

PEA 1 500 77.6–110.6 2.5–15.4 81.8–101.3 6.9–15.2

SEA 1 50 58.8–120.5 2.8–11.7 75.1–112.7 7.8–16.7

LEA 0.5 50 91.2–107.7 2.0–9.7 96.2–102.8 3.1–9.3

OEA 1 50 77.2–111.6 2.8–15.7 83.4–98.5 8.3–12.9

Data were evaluated on 4 individual days using 6 repetitions per level (4 days with n = 6 for intra-run and n = 24 for inter-run). For enrichment levels, see
the “Methods” section. Abbreviations: LLOQ, lower limit of quantitation; ULOQ, upper limit of quantitation, standard error of the mean. For
endocannabinoid abbreviations, see text

Table 1 Extraction recovery and matrix effect

Recovery* Matrix effect*

Mean %-CV Mean %-CV

AEA 97.3 7.3 96.4 5.5

O-AEA 93.7 9.8 101.2 8.3

2-AG 91.1 10.7 99.6 9.4

1-AG 102.1 10.2 99.3 9.2

DEA 104.8 7.1 84.9 10.0

2-AGE 96.6 6.4 110.6 7.1

DH-g-LEA 90.3 7.4 82.4 7.4

NADA 91.2 13.5 132.5 6.9

ODA 78.0 19.5 114.3 9.5

OLA 221.4 207.8 143.7 145.2

PEA 85.5 12.1 92.5 7.7

SEA 69.3 24.0 91.9 12.5

LEA 104.6 6.0 99.0 7.9

OEA 86.1 12.7 79.7 10.5

*Recovery and matrix effects were evaluated in 6 individual matrices at 3
different levels each (n = 18). For enrichment levels, see the “Methods”
section. Abbreviations: CV, coefficient of variance. For endocannabinoid
abbreviations, see text
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stored at −80 °C for the duration of 10 to 18 months prior to
analysis. The results are shown in Table 3 and suggested that
there were no significant differences observed for any
endocannabinoids with the exception of 2-AG, 1-AG, 2-
AGE, NADA, and OLA. The collection and storage in formic
acid–treated containers resulted in 60-fold and 46-fold higher
2-AG and 1-AG levels compared to samples stored without
formic acid, respectively.

Endocannabinoid levels in flower users versus concentrate
users To determine if endocannabinoid levels differ depend-
ing on the preferred use of certain Cannabis products, 36
study subjects (18 flower users and 18 concentrate users)
and a total of 143 samples (73 flower user samples and 70
concentrate users samples) were analyzed. Data were not
corrected for specific timing of the Cannabis consumption,
since it was the aim of this sub-study to investigate the differ-
ences in endocannabinoid levels based on the participants’
preferred Cannabis consumption habits. There were no statis-
tically significant changes in endocannabinoid levels deter-
mined between the study groups with the exception of
docosatetraenoyl ethanolamide (DEA, p = 0.006, please see
Fig. 2). A similar trend was observed for AEA (Fig. 2) al-
though statistical significance was not reached (p = 0.139).
Fabritius et al. [28] determined that a level of THCCOOH
higher than 40 μg/L is strongly correlated with a heavy con-
sumption of Cannabis, whereas a concentration below 3 μg/L
suggests occasional use. When these criteria were applied to
both study groups, it was found that frequent users were in
both groups and not just limited to the concentrate users. We

used the free non-hydrolyzed THCCOOH concentrations as
surrogate estimate for the frequency ofCannabis use indepen-
dent of the study group and correlated AEA concentrations
and DEA concentrations with the plasma THCCOOH

Table 3 Endocannabinoid values
determined in stabilized (0.5%
formic acid addition) and non-
stabilized study samples. One
hundred thirty samples from 34
subjects from the ACED and
COSMIC studies were analyzed

Untreated plasma [ng/
mL]

Plasmawith 5% formic acid [ng/mL] %-Difference

Average SEM Average SEM (Stabilized/untreated)*100

AEA 0.608 0.024 0.522 0.021 85.8

O-AEA 0.049 0.004 0.107 0.006 217.7

2-AG 1.598 0.096 92.284 9.122 5774.8

1-AG 1.351 0.149 33.971 3.216 2513.9

DEA 0.341 0.012 0.314 0.011 92.2

2-AGE 0.043 0.004 0.088 0.007 206.1

DH-g-LEA 0.068 0.002 0.065 0.002 96.2

NADA 0.192 0.013 0.296 0.007 154.0

ODA 0.225 0.013 0.144 0.012 64.0

OLA 7.342 0.906 1.740 0.679 23.7

PEA 3.136 0.085 3.144 0.100 100.2

SEA 1.176 0.034 1.541 0.049 131.0

LEA 1.079 0.046 0.934 0.042 86.5

OEA 2.396 0.093 2.516 0.102 105.0

Abbreviations: SEM, standard error of the mean. For endocannabinoid abbreviations, see text

Fig. 2 Endocannabinoid levels in concentrate users (n = 18) versus flower
users (n = 18). The closely related endocannabinoids anandamide (not
significant, upper graph) and docosatetraenoylethanolamine (**p = 0.006,
lower graph) are shown. Values are presented as mean ± standard error of
the mean (SEM)
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concentrations. Using data without logarithmic normalization,
AEA and DEAwere significantly correlated (Spearman’s rho)
with 11-Nor-9-carboxy-Δ9-tetrahydrocannabinol
(THCCOOH) plasma levels independent of preferred con-
sumption (flower or concentrate), with r = 0.255 (p = 0.002)
and r = 0.388 (p = 0.000002), for AEA and DEA, respective-
ly. Data that were logarithmic transformed revealed a signifi-
cant correlation between THCCOOH and DEA only with r =
0.196 and p = 0.021.

Discussion

In this study, we present a sensitive high-throughput online-
trapping high-performance liquid chromatography–tandem
mass spectrometry–based (LC/LC-MS/MS) assay using ro-
bust atmospheric pressure chemical ionization (APCI) for
the quantitation of 14 endocannabinoids and congeners in
human plasma. The internal validation proved successful for
the quantitative analysis of 12 compounds and semi-
quantitative for 2 analytes. We showed that endocannabinoid
sample stability is problematic and was successfully mini-
mized by the addition of formic acid to plasma as stabilizing
additive. For the external validation, we applied this assay for
the analysis of plasma samples from sub-study cohorts of
Cannabis flower and concentrate users. In alignment with
other studies, we showed that the levels of anandamide levels
(non-significant) were increased within the high THC concen-
trate user group. In addition, we found the novel
endocannabinoid docosatetraenoyl ethanolamide statistically
significantly increased in concentrate users compared to the
low THC flower consumers.

At the turn of the century, the endocannabinoid system
(ECS) was defined as the ensemble of the two cannabinoid
receptors CB1 and CB2, their 2 most studied endogenous li-
gands, the “endocannabinoids” N-arachidonoylethanolamine
(AEA) and 2-arachidonoylglycerol (2-AG), and a group of en-
zymes involved in their synthesis and breakdown [29]. The
new definition of the “expanded endocannabinoid system” or
“endocannabinoidome,” potentially includes hundreds of lipid
mediators, more than 20 biosynthetic or inactivating enzymes,
and more than 20 molecular targets, such as many previously
identified nuclear receptors, ligand-activated ion channels, and
orphan GPCRs [3, 29, 30]. To address the growing need of
bioanalytics quantifying endocannabinoid levels to probe the
ECS, we developed and validated a simple, reproducible high-
throughput assay for the quantitative analysis of 14
endocannabinoids and congeners in human plasma.

The validation of a multi-analyte assay for endogenous
compounds is more complex than the validation of a typical
bioanalytical assay that quantifies xenobiotics and follows
applicable regulatory guidelines [31]. In the case of the pres-
ent biomarker validation study, the acceptance criteria were

defined as accuracy within 80–120% (75–125 at the LLOQ)
with an imprecision of ≤20%CV (≤25% at the LLOQ). The
HPLC-MS/MS-based assay for the analysis of 14
endocannabinoids has shown to be specific and selective for
all analytes with the exception of OLA (oleamide). It was
possible to chromatographically separate 2-AG and 1-AG.
Carry-over was not an issue (<0.2%) with the exception of
OLA. The intra- and inter-run accuracy (80%–120%) and im-
precision (≤20%) evaluation performed on 4 days showed
acceptable results for all endocannabinoids with the exception
of OLA and ODA. It has been shown by us and others that
APCI minimizes ion suppression and matrix effects caused by
phospholipids for cannabinoids [32]. Thus, we used the same
approach for endocannabinoids and indeed no relevant matrix
effects were detected. The matrix effects determined accord-
ing toMatuszewski et al. [25] did not affect the reproducibility
and reliability of the assay. Back-calculated enriched matrices
from 6 individual donors were within the acceptance criteria
of the assay with the exception of OLA. The recoveries for the
14 endocannabinoids were reliable, reproducible, and higher
than 60%, again with the exception of OLA. In summary, the
assay was successfully validated for the analysis of all
endocannabinoid biomarkers in human plasma included in
the present assay with the exception of the endocannabinoids
ODA (N-oleoyl dopamine) and OLA (oleamide). The
endocannabinoid levels for O-AEA, AGE, NADA, and
ODAwere below the lower limit of quantitation for more than
50% of human plasma samples analyzed.

Instability of several endocannabinoid biomarkers has
been described in the literature [33]. This is especially the
case for 2-AG. Stability of 2-AG was shown to be impacted
by pH, with an optimum at pH 5 [34]. Thus, we tested a
sampling protocol that included acidification of plasma im-
mediately after sample collection using 10% of a 5% aque-
ous formic acid solution. The results of this study showed
that sampling and storage conditions are essential to stabi-
lize 2-AG and other endocannabinoids. Figure 1 and Table 3
show that the concentrations of 2-AG and 1-AG did signif-
icantly decrease, when sampling and storage conditions
were not ideal. Isomerization from 2-AG to 1-AG cannot
be the explanation for this observation. Thus, it can only be
concluded that degradation/ hydrolysis of both 2-AG and 1-
AG most likely resulting in arachidonic acid and glycerol is
the main cause for the reduced 2-AG and 1-AG levels
(Fig. 3). Whether this is enzyme-catalyzed or autocatalytic
remains unclear. Many studies, during which samples were
collected without addition of stabilizers, assumed that the
sum of 1-AG and 2-AG reflects the endogenous levels of 2-
AG (Zoerner et al. [33] list numerous publications which are
based on the sum of 1-AG + 2-AG). One of the major find-
ings of our results indicates that the separation of 2-AG from
1-AG and the sample treatment are essential for the correct
interpretation of study data.
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There have been several high-performance liquid
chromatography–mass spectrometry–based assays recently
published [15–24, 33]. These assays often used more extensive
sample workup procedures. However, many of these assays
reported the sum of 2-AG and 1-AG [20, 21, 35–39] for dif-
ferent reasons, including but not limited to the inability to sep-
arate the isomers and isomerization/ degradation happening
during storage and extraction. Only few assays report 2-AG
and 1-AG separated, which is in light of our data essential for
precise interpretation of study data [33, 40, 41]. Only few as-
says have used simple sample workup with column switching
technology or similar [15, 16, 24]. In comparison to these as-
says, the assay presented here has the advantage of using robust
APCI in contrast to electrospray ionization. This technology
has the advantage to be less impacted by matrix effects such
as ion suppression, as previously shown by our group [32]. The
disadvantage of APCI in this context is lower overall sensitiv-
ity. However, the use of column switching technology com-
pensates for the loss of sensitivity since it enriches the analytes
on the extraction column. Fanelli et al. [16] also utilized APCI
in combination with a column switching approach, but the
assay is limited to 2 endocannabinoids and 2 congeners. In
summary, the assay presented here combines a simple sample
workup with sensitivity increasing online-trapping technology
and robust atmospheric pressure chemical ionization to mea-
sure 14 endocannabinoids and congeners. This becomes in-
creasingly important, since the endocannabinoid system is
comprised of many more endocannabinoids than just ananda-
mide and 2-AG.

It has been shown that cannabinoids (THC and CBD) alter
the levels of endocannabinoids in the plasma or brain [42–44].
Chronic Cannabis abuse can lead to damaging effects in
humans [45], and some authors examined whether compo-
nents of the endocannabinoid system will undergo alterations
as well. These studies reported an increase in serum 2-AG
[44]. In contrast, anandamide levels were decreased in CSF
and an alteration of serum anandamide was not observed in
the same study [44]. Others reported increased levels of anan-
damide upon CBD treatment [43, 46, 47]. Muhl et al. [48]
showed that in high-frequency users, the anandamide plasma
levels were increased compared to controls. In the present

study, we also observed increased levels of anandamide and
the docosatetraenoyl ethanolamide (DEA) in concentrate
users compared to users of the less potent flowers. DEA is
an endocannabinoid with high similarity to anandamide, con-
taining docosatetraenoic acid in place of the arachidonatemoi-
ety. It has been shown that DEA acts on CB1 receptors with
potency and efficacy similar to that of AEA [49]. Hanus et al.
[50] initially described the activity of DEA. However, its spe-
cific role and relative importance as a cannabinergic neuro-
transmitter have not yet been elucidated. Plasma levels of
THCCOOH, and its O-ester glucuronide are considered to
be increased in frequent users compared to infrequent users
[28, 51]. The correlation between THCCOOH with AEA and
DEA was significant indicating a change of these closely re-
lated endocannabinoids as a result of frequent use. Larger
follow-up studies comparing frequent to non-frequent users
might shed more light on the effect of frequency of use on
endocannabinoid changes.

There were limitations to this study. Only subsets of samples
were analyzed. The subsets used for the methodology develop-
ment, sampling optimization, and feasibility were from the first
volunteers participating in the larger observational studies. In
these two broad observational Cannabis consumption studies,
certain outcomes could be influenced by the time schedule and
individual consumptions prior to sample collection. In this con-
text, different frequencies of consumption could be considered,
for instance regular versus intermittent versus “weekend binge
weed smoking.” Another limitation is the fact that in this study
no non-user controls were included.

In conclusion, a robust, sensitive high-throughput assay for
the quantitation of 14 endocannabinoids and congeners was
successfully validated. Endocannabinoid sample stability was
an issue and could be successfully minimized by the addition
of formic acid to plasma as stabilizing additive. Using this
approach, large differences for some analytes including 2-
AG between non-stabilized versus stabilized plasma samples
were observed. Our study showed that it is mandatory to (A)
appropriately stabilize samples and (B) separate and separate-
ly quantify 1-AG and 2-AG otherwise study results are unre-
liable. The analysis of study samples from Cannabis flower
users versus Cannabis concentrate users revealed increased

Fig. 3 Isomerization and
degradation of 2-
arachidonoylglycerol (2-AG) to
1-arachidonoylglycerol (1-AG)
and arachidonic acid. At physio-
logical pH (ca. 7.4), 2-AG is rap-
idly transformed into 1-AG or
degraded to arachidonic acid. At
lower pH, the isomerization is
inhibited and 2-AG stabilized
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levels of AEA and DEA in concentrate users in accordance
with other literature. Future studies with larger study cohorts
and a non-user control cohort might give further insights into
the effects of Cannabis consumption on circulating
endocannabinoid levels.
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