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The endocannabinoid system is a versatile modulator of 
endocrine and neuronal functions that plays an important 
role in many physiological processes and pathological con-
ditions (1). Its components include the G-protein coupled 
receptors (GPRs) CB1 and CB2, the endocannabinoid-
related receptors GPR55, GPR119, GPR18, PPAR, and their 
endogenous ligands and biosynthesizing and degrading 
enzymes (2–5). The classical endocannabinoids arachi-
donoyl ethanolamide (AEA) and 2-arachidonoylglycerol 
(2-AG) activate CB1 and CB2 (4). In addition to AEA and 
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2-AG, several endocannabinoid-related compounds (ERCs) 
have been identified that predominantly activate endocan-
nabinoid-related receptors. Equal to AEA and 2-AG, ERCs 
are either FA ethanolamides (FEAs) or 2-monoacylglycer-
ols (2-MGs), which are esterified at the sn-2 position of 
glycerol. Saturated and monounsaturated FEAs include 
conjugates of myristic acid ethanolamide (MEA), palmitic 
acid ethanolamide [PEA; 2-palmitoylglycerol (2-PG)], and 
stearic acid ethanolamide (SEA) FAs and conjugates of pal-
mitoleic acid ethanolamide (POEA), and oleic acid etha-
nolamine [OEA; 2-oleoylglycerol (2-OG)] FAs. Among 
those, PEA, OEA, POEA, and 2-OG bind to GPR55 and 
GPR119 (4, 6). In addition, OEA is a potent ligand of PPAR 
(5). FEAs and 2-MGs of PUFAs are synthesized from essen-
tial FAs and include conjugates of the -6-derived linoleic 
acid (LEA; 2-LG), -linolenic acid (GLEA), dihomo--
linolenic acid (DGLEA), and ethanolamides of the -3 
derived -linolenic acid (ALEA), dihomo--linolenic acid 
(DALEA), eicosatetraenoic acid (ETEA), eicosapentaenoic 
acid (EPEA), and docosahexaenoic acid (DHEA) (1). Com-
pared with AEA, DHEA and EPEA show similar affinities to 
CB1 and CB2 receptors and act as partial agonists (1, 7). 
Finally, 2-arachidonoylglycerol ether [noladin ether (NE)] 
binds potently to CB1, while N-acylarachidonoylglycine 
(NAGly) is a ligand of the GPR18 receptor (3, 4).

The biosynthesis of endocannabinoids and ERCs com-
prises multiple steps and starts with the synthesis of glycero-
phospholipids from the FA pool. Phosphatidylinositols 
constitute precursors for 2-MG biosynthesis. They are hydro-
lyzed by phospholipase C (PLC) to form diacylglycerols, 
which in turn are deacetylated by sn-1-specific diacylglycerol 
lipases (DAGLs  and ) to yield 2-MGs (8). Circulating 2- 
and 1-MGs may additionally form during the digestion of 
dietary lipids or from lipoprotein and endothelial lipases 
(9–11). MGs are subsequently degraded via hydrolysis of 
the ester bond by MG lipase (MAGL) or FA amide hydro-
lase (FAAH) (8, 12). The main precursors for FEA biosyn-
thesis are phosphatidylcholines. After transferring the sn-1 
acyl group to the amino group of phosphatidylethanol-
amine, the resulting N-acylphosphatidyl ethanolamine 
(NAPE) is subsequently hydrolyzed by NAPE-specific phos-
pholipase D (NAPE-PLD) to yield the free FEA, which, in 
turn, is degraded by FAAH (8). Endocannabinoids and 
ERCs are synthesized in various organs, predominantly in 
the gastrointestinal tract, adipose tissue, and the CNS (13). 
They can be released “on demand” from the membranes of 
specialized cells within these tissues, where they subse-
quently bind to their respective receptors (1).

Among other processes, endocannabinoid signaling is 
involved in the regulation of food intake and macronutri-
ent use. It modulates the metabolism of muscle, liver, and 
adipose cells, mediates the communication between the 
CNS and the gastrointestinal tract, and acts directly within 
the CNS (1, 5). Its role within this so-called gut-brain axis 
has been extensively studied in animal models, in which 
tissue extracts for the quantification of endocannabinoids 
and ERCs were used (1, 13). Because tissue biopsies are not 
readily available in human subjects, clinical studies mostly 
rely on serum and plasma samples. Because it has been sug-

gested that circulating endocannabinoids and ERCs origi-
nate, at least partly, as a spillover from tissues of the 
gut-brain axis, their monitoring in circulation is used to 
indirectly assess signaling events in said tissues (13). Al-
though some clinical studies have indeed documented spe-
cific changes of circulating endocannabinoids and ERCs in 
response to food intake, more studies are needed to estab-
lish their use as specific biomarkers for ingestive behavior 
(14). Moreover, hardly anything is known about the con-
centrations of NAPE and 2-MG-phosphoinositide (2-MG-
PI) precursors in plasma. Both have been detected in 
rodent and human circulation, but despite the evidence 
that they are synthesized and secreted by the gastrointesti-
nal tract in response to food intake, studies so far only 
quantified postprandial changes of free endocannabinoids 
and ERCs (14–16). Because NAPEs and 2-MG-PIs might 
serve as substrates for endocannabinoid signaling within 
the gut-brain axis, their quantification in circulation could 
offer a more direct method to assess the state and signaling 
potential of the endocannabinoid system (16).

The use of endocannabinoids and their related com-
pounds as specific biomarkers is further limited by the fact 
that their determined concentrations strongly depend on 
sample-collection conditions and time required for pro-
cessing. One particular problem is that blood cell mem-
branes, due to their intrinsic FAAH and NAPE-PLD activity, 
are able to both release and degrade FEAs ex vivo after 
sampling (17, 18). It has been shown that prolonged stor-
age of blood prior to plasma harvest resulted in an overes-
timation of endogenous FEAs and that FEA concentrations 
in EDTA-free serum were even higher than those in EDTA 
plasma (19, 20). Quantification of 2-MGs is complicated by 
the fact that blood cells are able to generate 2-MGs after 
sampling, which likewise may result in an overestimation of 
their concentrations (21, 22). There is also evidence that 
2-MGs are rapidly degraded at physiological pH or un-
dergo isomerization to their inactive 1-MG isomers (23). 
Although a partial inhibition of these processes was success-
ful with hydrolase inhibitors like PMSF and Orlistat, imme-
diate sample workup so far provides the only reliable means 
to minimize all of the above mentioned processes (18, 22).

Circulating endocannabinoids and ERCs are typically 
measured in lipid extracts of serum or plasma, using LC/
MS with positive ESI (LC/ESI/MS/MS) with stable isotope 
dilution. In many reported cases, extraction of endocan-
nabinoids and ERCs was performed by protein precipita-
tion with methanol, acetonitrile, or acetone, followed by 
solvent evaporation and reconstitution of the extract, or 
further workup by solid-phase extraction (20, 22, 24–27). 
These methods, however, reportedly favor the isomeriza-
tion of 2-MGs to 1-MGs, especially during evaporation of 
protic solvents (28). NAPEs have been quantified indirectly 
by liberating their bound FEAs during sample workup and 
subsequent LC/MS/MS analysis. For this purpose, NAPEs 
were extracted, purified, and subsequently hydrolyzed with 
NAPE-PLD or with KOH in methanol after protein precipi-
tation (16, 29).

Finally, studies that focus on ingestive behavior usually 
rely on a longitudinal design, where repeated sampling in 
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short intervals is necessary (14). With the current analytical 
protocols, which require 100–500 µl of plasma, such exper-
iments cannot be easily applied to rodent models due their 
limited amount of blood. Consequently, animal models re-
main difficult to compare with human studies.

The goal of the present study was therefore to de-
velop, validate and apply an ultra-HPLC (UHPLC)-MS/MS 
method for the simultaneous quantification of endocan-
nabinoids, ERCs, and their phospholipid precursors in 
blood plasma. Because the various endocannabinoids and 
ERCs interact with different receptors and with different 
efficacy, a range of 24 metabolites was included in this 
study (Fig. 1). A particular focus was set on the sample 
workup, which was systematically improved with the aim to 
suppress artificial degradation and de novo formation of 
endogenous analytes and to minimize the required sample 
volume.

MATERIALS AND METHODS

Chemicals
Chemicals of at least analytical quality were purchased from 

Sigma-Aldrich. Methanolic or ethanolic solutions of unlabeled and 
deuterated analytical standards (purity >99%) were ordered from 
Cayman Chemical and Sigma-Aldrich, including N-(2-hydroxyethyl)-
cis-5,8,11,14-eicosatetraenamide-5,6,8,9,11,12,14,15-d8 (AEA-d8, 
>99% atomic D); 1,3-dihydroxypropan-2-yl-cis-5,8,11,14-eicosatet-
raenoic-5,6,8,9,11,12,14,15-d8 ester (2-AG-d8, >99% atomic D); 
N-(1-oxo-cis-5,8,11,14-eicosatetraenyl)-glycine-5,6,8,9,11,12,14,15-d8 
(NAGly-d8, >99% atomic D); N-(2-hydroxyethyl-1,1’,2,2’-d4)-octa-
deca-cis-9,12,15-trienamide (LEA-d4, >99% atomic D); N-(1-oxo-
cis-5,8,11,14-eicosa-tetraenyl)-glycine (NAGly); 2-[(cis-5,8,11,14)-
5,8,11,14-icosatetraen-1-yloxy]1,3-propanediol (NE); 2-AG; 
1,3-dihydroxy-2-propanyl-cis-9,12-octadecadienoate (2-LG); and 
1,3-dihydroxypropan-2-yl-cis-9-octadecenoate (2-OG). Honeywell 
Fluka supplied methanol, 2-propanol, 1-butanol, toluene, aceto-
nitrile, formic acid, and acetic acid (all LC/MS grade). Water was 
taken from a Millipore Synergy 185 lab-water system (Merck 
Chemicals).

The blood stabilization solution consisted of 0.98 g of MES in 3 
ml of water and 5 ml of acetic acid (>99%), brought to a volume 
of 10 ml with water and stored at room temperature.

For NAPE hydrolysis, a fresh solution of guanidine hydroxide 
was prepared by mixing methanolic solutions of 1 M potassium 
hydroxide and 1 M guanidine hydrochloride (1:1, v/v). After re-
moving the precipitate with a paper filter, the remaining solution 
of 0.5 M guanidine hydroxide was stored at room temperature.

Synthesis and purity of FEAs
Eighteen FEA reference standards were synthesized as de-

scribed before (30) using methyl esters of the FAs as starting mate-
rial, namely, tetradecanoic acid (MEA), hexadecanoic acid (PEA), 
octadecanoic acid (SEA), cis-9-hexadecenoic acid (POEA), cis-
9-octadecenoic acid (OEA), cis-11-octadecenoic acid (vaccenic 
acid ethanolamide, VEA), trans-9-octadecenoic acid (elaidic acid 
ethanolamide; EEA), trans-11-octadecenoic acid (tVEA), trans-
6-octadecenoic acid (trans-petroselinic acid ethanolamide, 
tPeEA), cis-5,8,11,14-eicosatetraenoic acid (AEA), cis-5,8,11,14,17-
eicosapentaenoic acid (EPEA), cis-4,7,10,13,16,19-docosahexaenoic 
acid (DHEA), cis-9,12-octadecadienoic acid (LEA), cis-6,9,12-octa-
decatrienoic acid (ALEA), cis-6,9,12-octadecatrienoic acid 
(GLEA), cis-11,14,17-eicosatrienoic acid (DALEA), cis-8,11,14-
eicosatrienoic acid (DGLEA), and cis-8,11,14,17-eicosatetraenoic 
acid (ETEA). Deuterated internal standards (ISs) of OEA-d4, 
POEA-d4, PEA-d4, and SEA-d4 were synthesized in a smaller scale, 
with the respective acyl methyl ester and 1,1,2,2-d4 ethanolamine 
(>99%, >98 atomic % D) as reaction components. GC/MS analy-
sis as described before confirmed a purity >99% for all synthesized 
FEAs (supplemental Fig. S1) (30). The isotopic purity of deuter-
ated FEAs was >98% D.

Detection and prevention of laboratory artifacts
Contamination by laboratory artifacts such as plasticizers from 

laboratory material and by compounds from human origin can 
occur during liquid handling and extraction procedures with or-
ganic solvents (31, 32). In our laboratory, MEA, PEA, SEA, OEA, 
2-PG, 1-PG, and 1-OG were frequently detected during analysis. 
To minimize contamination with these substances, we worked 
with nitrile gloves only. Glass equipment was washed with pure 
methanol and pipette tips (low retention, 2–200 µl; Brand) were 
rinsed three times with pure methanol prior to use. Toluene was 
measured by a glass syringe (250 µl; SGE Analytical Science). To 
remove plastic contaminants, 0.5 ml Eppendorf tubes and Su-
pelco screw caps were stirred for 4 h in a toluene/1-butanol solu-
tion (20:1) at 40°C. Afterward, each item was rinsed twice in 
toluene/1-butanol (20:1 v/v) using a pair of tweezers. The kit for 
NAPE hydrolysis consisted of 2 ml opening glass vials, screw caps 

Fig.  1.  Overview of the FEAs, FA glycerol esters, arachidonoyl glycerol ether and arachidonoyl N-glycine amide included in the study. The 
abbreviation of the respective endocannabinoid is shown beside the structure.
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with PTFE/Silicone septa, and flat-bottom 350 µl glass inserts 
(Supelco). The glass inserts were panned twice in acetone and 
air-dried before use.

The above provisions prevented any detectable contaminations 
in our standards. Compared with endogenous FEA levels, con-
taminations in plasma extracts were less than 5% (0.13 ng/ml) 
PEA, 10% (0.2 ng/ml) SEA, and 1% (0.01 ng/ml) OEA. Contami-
nations in NAPE extracts were less than 4% (13 ng/ml) PEA, 6% 
(10 ng/ml) SEA, and 1% (1.2 ng/ml) OEA. Contaminations with 
MEA (0.05 ng/ml), 2-PG (2 ng/ml), 1-PG (>40 ng/ml), and 1-OG 
(>0.6 ng/ml) exceeded 50% of endogenous levels in all extracts 
during validation experiments. These substances were thus ex-
cluded from the study.

Preparation of standard solutions
Stock solutions were prepared in methanol containing 0.05% 

acetic acid and stored at 80°C or 20°C (in case of working 
stock solutions). All other dilution steps and the solubilization of 
extracts were done in methanol/water (70:30 v/v, 0.05% acetic 
acid), resulting in standards and extracts stable against degrada-
tion or isomerization. The deuterated IS solution contained 0.83 
ng/ml LEA-d4, 1.67 ng/ml AEA-d8, 1.67 ng/ml PEA-d4, 1.67 ng/
ml SEA-d4, 1.67 ng/ml OEA-d4, 0.17 ng/ml POEA-d4, 33 ng/ml 
2-AG-d8, and 8.3 ng/ml NAGly-d8. The chosen concentrations of 
deuterated FEAs were close to endogenous analyte concentra-
tions. Concentrations of 2-AG-d8 and NAGly-d8 were spiked 30 and 
15 times higher of endogenous levels, which ensured better ac-
curacy and precision. The stock solution for calibration contained 
600 ng/ml each 2-lineoylglycerol (2-LG) and 2-OG; 300 ng/ml 
each PEA, OEA, VEA, and 2-AG; 150 ng/ml each LEA, AEA, and 
NAGly; 75 ng/ml each DHEA and NE; 60 ng/ml SEA, 30 ng/ml 
each of POEA, EEA, tVEA, tPeEA, EPEA, DALEA, DGLEA, ALEA, 
and GLEA; and 10 ng/ml ETEA. To set up a calibration curve, the 
stock solution was diluted four times by a serial 1:5 dilution. Vol-
umes of 10, 15, 25, and 40 µl of each resulting solution were 

added to 20 µl of IS, and the mixture was brought to 60 µl with 
methanol/water (70:30 v/v, 0.05% acetic acid). Supplemental 
Table S1 lists the resulting concentrations.

Blood sampling and workup
The ethics committee of Friedrich-Alexander-Universität Er-

langen-Nürnberg has approved the present study. Human venous 
blood was collected under informed consent from the forearm of 
healthy donors. The protocol was optimized and validated with 
pooled plasma of unfasted blood, because studies on ingestive be-
havior typically quantify endocannabinoids and ERCs in different 
postprandial states. The protocol thus reflects the expected sam-
ple type of future studies better than an optimized protocol with 
fasted blood. For the application of the method, blood was drawn 
at 11:30 AM from six healthy volunteers, who could eat and drink 
ad libitum until 2 h prior to the experiment.

The workflow of the sampling, stabilization, storage, and 
workup procedures is summarized in Fig. 2. Venous blood was first 
drawn into vacutainer tubes containing K2-EDTA (Monovette, 
Sarstedt), inverted multiple times, and placed on ice. The blood 
samples were immediately stabilized by pipetting 1 ml of blood 
into precooled 2 ml Eppendorf tubes containing 7 µl of blood sta-
bilization solution (50% acetic acid and 0.5 M MES), inverted mul-
tiple times, and placed on ice. After centrifuging the tubes at 2,000 
g for 10 min at 4°C, approximately 350 µl of plasma was taken from 
the upper layer. For analysis of free metabolites and lipid-bound 
MGs, 25 µl of plasma was pipetted into 500 µl Eppendorf tubes, 
flash-frozen in liquid nitrogen, and stored at 80°C until extrac-
tion. For NAPE analysis, aliquots of 25 µl were pipetted into 500 µl 
Eppendorf tubes containing 75 µl of pure water and 100 µl of 4 M 
guanidine thiocyanate. The mixture was vortexed for 5 s, flash-
frozen in liquid nitrogen, and stored at 80°C until extraction.

For blood incubation experiments (Table 1), aliquots of 1 ml 
of fresh blood were either left untreated, acidified to pH 5.8 with 
7 µl of blood stabilization solution, or spiked with Orlistat and 

Fig.  2.  Overview of the entire protocol including 
sample collection, stabilization, storage, and the three 
analytical protocols used for quantification of free and 
lipid-bound FEAs and MGs.
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PMSF to a final concentration of 5 µM and 2.5 mM, respectively 
(to a total concentration of 1% DMSO in blood). Aliquots of 100 
µl were then transferred to 0.5 ml tubes and incubated at 30°C 
under shaking at 600 rpm or placed on ice inversing the tubes 
repeatedly every 10 min. Plasma was obtained by centrifugation at 
2,000 g for 10 min at 4°C after the appropriate incubation time 
and extracted according to the protocol. To check the stability of 
IS in blood, the samples were spiked in duplicate prior to incuba-
tion. To check the stability of endogenous endocannabinoids, the 
IS was spiked in triplicate after plasma harvest. The experiments 
were reproduced once.

Plasma incubation experiments (Table 2) were performed in 
triplicate with 25 µl of plasma. Plasma was either left untreated, acid-
ified with 80 µl of water and 60 µl of 0.25% acetic acid, or stabilized 
with 80 µl of water, 60 µl of 0.25% acetic acid, and 25 µl of potassium 
thiocyanate (KSCN; 4 M). Samples were incubated at 25°C under 
shaking at 600 rpm. The reaction of untreated and acidified plasma 
was stopped by adding 25 µl of KSCN (4 M). To determine the sta-
bility of IS in plasma, samples were spiked prior to incubation. 
Changes of endogenous analytes were determined by spiking IS 
after incubation. The experiments were reproduced once.

Extraction of circulating endocannabinoids and ERCs
Flash-frozen plasma (25 µl) was thawed on ice, mixed with a 

solution of 80 µl of water, 60 µl of 0.25% acetic acid, and 25 µl of 
KSCN (4 M), and vortexed for 5 s. After adding 10 µl of IS, sam-

ples were vortexed briefly and rested at room temperature for  
5 min. After adding 210 µl of toluene/1-butanol (20:1 v/v), the 
mixture was vortexed at maximum speed for 1 min in a VTX-
3000L mixer (Uzusio, LMS). The homogenate was centrifuged at 
12,000 g for 10 min at 25°C. The upper layer (190 µl) was pipetted 
into a 200 µl glass insert, evaporated to dryness in a speedvac con-
centrator (Savant SPD121P, Thermo Scientific), and stored in 
sealed glass vials at 20°C. Prior to analysis, the extracts were 
solved in 30 µl of methanol/water (70:30, 0.05% acetic acid) and 
vortexed for 30 s.

Extraction of NAPEs
After thawing diluted, flash-frozen plasma on ice and vortex-

ing, aliquots of 20 µl were pipetted into flat-bottom 350 µl glass 
inserts containing 160 µl of guanidine hydroxide (0.5 M) and 20 
µl of IS in pure methanol. Each sample was placed into a 2 ml 
glass vial, sealed with a gas-tight septum, vortexed for 5 s, and 
heated to 60°C in a shaking incubator for 120 min, at 1,400 rpm. 
The reaction was stopped by adding 80 µl of pure water and cool-
ing on ice. After removing the methanol in a speedvac concentra-
tor, 210 µl of toluene/1-butanol (20:1 v/v) was added, and the 
sample was vortexed in a VTX-3000L mixer at maximum speed 
for 1 min. The homogenate was centrifuged at 8,000 g for 10 min 
at 25°C by placing the glass inserts into closed 2 ml Eppendorf 
tubes. The upper organic phase (190 µl) was pipetted into 200 µl 
glass inserts, evaporated to dryness in a speedvac concentrator, 

TABLE  1.  Stability of endocannabinoids in blood, assessed by incubation of untreated, acidified, and inhibitor-treated  
(2.5 mM PMSF, 5 µM Orlistat) full-blood EDTA samples

Incubations were performed at 30°C (white fields) and on ice (gray fields). To quantify endogenous endocannabinoid levels, deuterated IS was 
spiked after plasma harvest (n = 3). To assess the stability of IS, EDTA blood was spiked prior to incubation (n = 2). Statistically significant differences 
at different time points relative to time point zero were tested with one-way ANOVA with repeated measures and Bonferroni´s post hoc correction. 
Samples with P < 0.05 are shown in a dashed box; those with P < 0.01 are highlighted in a full box.
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and stored in sealed glass vials at 20°C. For analysis, the extracts 
were solved in 60 µl of methanol/water (70:30 v/v, 0.05% acetic 
acid) and vortexed for 30 s.

Extraction of lipid-bound MGs
Frozen plasma samples were thawed on ice, mixed with 60 µl of 

0.25% acetic acid and 80 µl of water, vortexed, spun down, and 
placed into a shaking incubator at 25°C for 300 min, at 600 rpm. 
After stopping the reaction with 25 µl of KSCN (4 M), 10 µl of IS 
and 210 µl of toluene/1-butanol solution (20:1 v/v) were added 
to the sample and vortexed at maximum speed for 1 min in a 
VTX-3000L mixer. After centrifuging the mixture at 12,000 g for 
10 min at 25°C, 190 µl of the upper layer was pipetted into a 200 
µl glass insert, evaporated to dryness in a speedvac concentrator, 
and stored in sealed glass vials at 20°C. For analysis, the extracts 
were solved in 30 µl of methanol/water (70:30 v/v, 0.05% acetic 
acid) and vortexed for 30 s.

UHPLC-ESI/MS/MS analysis
Analysis was carried out with an API 4000 QTRAP mass spec-

trometer (AB Sciex) with an ESI source (Applied Biosystems) 
coupled to a pump for direct infusion (Harvard Apparatus 
11plus) and a UHPLC system (Dionex UltiMate 3000 RS, Thermo 
Fisher Scientific) equipped with a Kinetex Core Shell C18 UH-
PLC column (Phenomenex, 1.7 µm, 150×2.1 mm). To maximize 
chromatographic resolution of all analytes, the column compart-
ment was set to 15°C. The temperature of the autosampler was 
maintained at 5°C. Eluent A consisted of 65% water, 35% 2-propa-
nol, and 0.05% acetic acid and eluent B of acetonitrile with 0.05% 
acetic acid. After injecting 24 µl of extract (corresponding to an 
equivalent of 20 µl of plasma), the following gradient was run: 0–1 
min 45% B, 1–19 min to 70% B, 19–24 min to 90% B, and 24–24.5 
min to 100% B at 0.25 ml/min. Parameters of the ESI interface 
were: nebulizer gas (GS1) 30 psig, desolvation gas (GS2) 65 psig, 
temperature 550°C, ion spray voltage (positive mode) 4,500 V, 
and curtain gas 40 psig. The vertical adjustment for the ESI capil-
lary was set to 4 mm.

Molecular mass, fragmentation spectra, and tuning of the mul-
tiple reaction monitoring (MRM) transitions of all standards were 
assessed by direct infusion of 1 µg/ml stock solutions at a flow rate 

of 20 µl/min. MS parameters and mass transitions of [M+H]+ par-
ent ions are summarized in supplemental Table S2.

Data was recorded with Analyst 1.5.1 software in scheduled 
MRM (sMRM) mode. For this, the mass transitions of a given ana-
lyte were successively recorded at their respective retention time 
in a window of 140 s. The cycle time was set to 1.8 s. The parame-
ters of the quantification tool were set to peak smoothing (3), 
base noise (50%), and peak split ratio (2). All transitions were 
integrated automatically and checked visually. Near the limit of 
detection (LOD), the signals were integrated manually.

Calculation of endocannabinoid concentrations
The analytes were matched with deuterated standards ac-

cording to chemical similarity and to their retention times (sup-
plemental Table S2). Endocannabinoid concentrations were 
calculated by linear regression from external calibration curves 
(9–11 points) interpolating the peak area ratio of endogenous 
analytes and their respective IS to the respective external calibra-
tion by the formula endocannabinoid (ng/ml) = [(peak area ra-
tio  intercept)/slope], taking the dilution of the samples during 
reconstitution into account.

Method validation
A single batch of pooled plasma was used for validation experi-

ments. Plasma was harvested from stabilized blood at pH 5.8. The 
linearity of the method was assessed by spiking plasma in triplicate 
with 11 calibrator solutions (10 µl, threefold concentrated; supple-
mental Table S1). Recoveries were calculated by subtracting endo
genous endocannabinoid levels from the total quantified values.

LOD and limit of quantification (LOQ) were determined in 
triplicate using six calibrators at low concentrations (supplemen-
tal Table S1). Mathematical LOD and LOQ were calculated by 
linear regression using the parameters “standard deviation of the 
residuals” () and the slope of the regression line (s) with LOD = 
(3*)/s and LOQ = (10*)/s. Calculated LOD and LOQ were 
confirmed by spiking experiments of diluted IS estimating LOD 
with a signal to noise ratio (S/N) = 3, and LOQ with S/N = 10. 
LOQ was calculated with the linear regression of the quanti-
fier transition (Q) and LOD with the regression of the qualifier 
transition (q). Accordingly, LODs of some analytes were higher 

TABLE  2.  Stability of endocannabinoids in plasma, assessed by incubation experiments of untreated, acidified, and stabilized plasma samples

All incubations were performed at 25°C. To assess the stability of deuterated IS, samples were spiked prior to incubation (n = 3). To quantify 
endogenous metabolite levels, IS was spiked after incubation (n = 3). Statistical testing relative to time point zero was performed with one-way ANOVA 
with repeated measures, with Bonferroni´s post hoc correction. Samples with P < 0.05 are shown in dashed boxes; those with P < 0.01 are highlighted 
in a full box.
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than their respective LOQs, which were subsequently matched to 
the LOD of the respective analyte (Table 3).

For quality control, plasma was spiked with IS only (unspiked 
plasma) or with a calibrator mix with low, medium, and high con-
centrations (supplemental Table S1, boxes). The recovery was as-
sessed in six replicates and was calculated by the quotient between 
the observed concentration and the nominal concentration after 
subtraction of the endogenous levels. Intraday precision was deter-
mined by six replicates within 1 day and is given as the coefficient 
of variation (CV, %). Interday precision was determined by four 
replicates on 3 days, respectively, spiking thawed samples on each 
day. To assess matrix effects on ESI efficiency, unspiked plasma 
extracts were reconstituted in methanol/water (70:30 v/v, 0.05% 
acetic acid) containing half, singly, and doubly concentrated IS.

The stability during long-term storage was determined for 
plasma at pH 5.8. All samples were flash-frozen in liquid nitrogen 
and stored at 80°C. Three independent samples each were ana-
lyzed at storage days 0, 7, 35, and 56 (supplemental Table S3).

Statistical analysis
Statistical analysis was performed with the software package 

XLSTAT. Significance between the incubation times relative to 
time point zero was calculated using one-way ANOVA with re-
peated measures, followed by Bonferroni’s post hoc test.

RESULTS AND DISCUSSION

Analysis of 24 endocannabinoids and ERCs by  
UHPLC-MS/MS sMRM

The goal of the present study was to develop and validate 
an analytical method that allows the quantification of a 
wide range of FEAs and 2-MGs in parallel. For this purpose, 

a highly sensitive UHPLC-ESI-MS/MS sMRM method with 
high-chromatographic resolution was developed that re-
quired minimal sample volumes. Besides the previously 
analyzed FEAs, 2- and 1-MGs, NE, and NAGly, the protocol 
included GLEA and DALEA for the first time. Extending a 
UHPLC method to analyze the regio-isomers OEA and 
VEA (30), the present study focused on the separation of the 
regio-isomers ALEA/GLEA and DGLEA/DALEA, because 
these analytes have identical m/z ratios and fragmentation 
spectra and can only be differentiated chromatographically.

Based on the chromatographic separation of all analytes 
in plasma (Fig. 3), we developed an sMRM method allow-
ing for the identification and quantification of all endocan-
nabinoids and ERCs by their retention time, as well as their 
quantifier and qualifier transitions (supplemental Table 
S2). ALEA and GLEA could be separated clearly. The 
method also distinguished between DALEA and DGLEA, 
although no baseline separation could be achieved. Close 
to the POEA signal, two further isobaric transitions could 
be observed (Fig. 3, arrows labeled “?”). We hypothesize 
that these peaks represent the ethanolamides of 6-cis-hexa-
decenoic and 9-trans-hexadecenoic acids because their re-
tention behavior was similar to the isomers VEA, OEA, and 
tVEA (30). Regardless of their identity, this result shows 
that a thorough chromatographic resolution is needed to 
quantify POEA correctly. NE was not detectable in plasma 
at the retention time of the standard. However, a signal 
with an isobaric transition appeared shortly afterward (Fig. 
3, arrow labeled “?”). Further studies are required to iden-
tify these compounds.

TABLE  3.  Validation of the UHPLC-MS/MS-sMRM method to quantify free endocannabinoids and ERCs in human plasma

Recovery (%) n = 6 Intraday CV (%) n = 6 Interday CV (%) 3x n = 4 Literature

Amount spiked Q q Q q

Low Med High
Unspiked 

Plasma Low Med High
Unspiked 

NAPEs
Unspiked 

Plasma Low Med High LOQ LOD LOQ LOD

2-AG 91 92 92 3 4 4 5 < LOD 8 9 7 4 0.27 0.1 0.5-3.2a,d,e,f 0.3a

1-AG 107 101 96 8 7 1 5 < LOD 15 21 5 7 0.27 0.1
2-LG 107 93 95 9 9 6 4 < LOD 8 10 4 4 0.62 0.24 2.5-29.3d,e —
1-LG 98 96 99 7 7 5 4 < LOD 10 10 6 5 0.62 0.24
2-OG 82 86 88 9 11 9 6 < LOD 11 12 7 10 1.82 0.36 2.5e —
NE 93 95 98 < LOD 7 5 3 < LOD < LOD 13 8 4 0.07 0.07 1.8-3.2a,d 3.2a

PEA 96 98 100 5 3 2 2 6 10 9 5 2 0.21 0.06 0.17-3.2a,c,d,e 0.5a

SEA 101 107 103 9 4 3 1 6 22 12 14 21 0.66 0.66 0.27-8a,c,d,e 0.5a

POEA 112 97 102 5 4 1 4 4 4 6 3 3 0.08 0.08 0.02-1.6d,e —
OEA 91 100 101 7 5 1 2 5 6 6 2 2 0.15 0.15 0.12-0.5a,c,d,e 0.2a

VEA 128 102 112 7 5 3 4 9 6 5 6 5 0.15 0.14 — —
tVEA 113 103 108 14 6 5 7 5 16 10 13 10 0.04 0.04 — —
EEA 93 97 103 < LOD 9 4 4 < LOD < LOD 13 15 11 0.04 0.04 — —
tPeEA 87 85 90 < LOD 13 3 6 < LOD < LOD 12 5 6 0.02 0.01 — —
ALEA 98 97 99 9 7 4 4 10 9 9 5 4 0.04 0.04 0.11c —
GLEA 96 96 96 < LOD 5 5 3 11 < LOD 7 4 3 0.02 0.02 — —
DALEA 99 92 98 < LOD 10 4 7 < LOD < LOD 9 6 6 0.12 0.12 — —
DGLEA 109 97 98 7 6 3 4 7 10 8 4 4 0.02 0.02 0.02e —
LEA 108 100 102 3 3 1 2 3 5 5 3 2 0.08 0.06 0.1-0.24a,c,d,e 0.6a

AEA 98 95 98 3 5 2 2 5 6 5 4 3 0.06 0.02 0.02-0.36a,c,d,e,f 0.1a

ETEA 95 93 97 < LOQ 6 3 3 9 < LOQ 5 3 3 0.01 0.01 — —
EPEA 95 99 96 6 6 6 4 6 14 6 4 4 0.01 0.01 0.02-0.36c,e —
DHEA 105 94 94 6 5 1 3 6 7 6 3 3 0.03 0.01 0.02-2.6a,d 2.6a

NAGly 108 99 102 5 8 5 3 < LOD 9 8 5 4 0.12 0.12 0.32-0.73b,d 0.63b

Accuracy (recovery, %) was determined by spiking three calibrator solutions at the lower and limits of quantification (LOQ), in an intermediate 
and in a high concentration range as indicated in supplemental Table S3. Interday and intraday precision (CV %) was assessed with unspiked plasma 
and with three different concentrations of spiked analytes. Precision of NAPE hydrolysis was determined with unspiked plasma. LOQ of the quantifier 
transition Q and LOD of the qualifier transition q are given in ng/ml. References: a (24), b (29), c (27), d (26), e (22), and f (28).



1482 Journal of Lipid Research  Volume 60, 2019

Optimization of the plasma workup
It is well established that 2-MGs are vulnerable to degra-

dation and isomerization to 1-MGs during plasma extrac-
tion and due to its high physiological pH and the presence 
of albumin. Additionally, coextraction of phospholipids 

reduces ionization efficiency during LC/MS analysis and 
thus results in strong matrix effects (28). To minimize 
these problems, toluene and methyl tert-butyl ether were 
suggested as extraction solvents for pure plasma (22, 28). 
In our study, extraction with pure toluene resulted in low 

Fig.  3.  Chromatograms of endogenous endocannabinoids and ERCs and ISs in plasma displaying the quan-
tifier transition in counts per second. An equivalent of 20 µl of plasma was injected. Isobaric of POEA and NE 
quantifiers are marked with a question mark (“?”).
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recovery rates of spiked ISs [FEA-d4 below 60%, 2-AG-d8 at 
10%, and NAGly-d8 at 4% (data not shown)]. To increase 
recovery, the extraction solvent was first replaced with a 
toluene/1-butanol solution (20:1 v/v). Second, plasma 
was acidified to pH 4.7 prior to extraction, because acyl 
migration of 2-AG to 1-arachidonoylglycerol (1-AG), and 
thus of 2-AG-d8 to 1-AG-d8, has been shown to be blocked 
below pH 5 in solution (23). These workup conditions de-
cisively increased the yield of NAGly-d8 to 87% and of 
2-AG-d8 to 71%. Isomerization of 2-AG-d8 to 1-AG-d8 was 
also inhibited as the observed peak area ratio after extrac-
tion improved from about 50% 2-AG-d8 and 50% 1-AG-d8 
to about 84% 2-AG-d8 and 16% 1-AG-d8, which was similar 
to the ratio of pure standard (88% 2-AG-d8 and 12% 1-AG-
d8). However, these conditions introduced a high variabil-
ity of extraction efficiency between different individuals. 
Because albumin has been reported to form insoluble ag-
gregates under acidic conditions (33), we hypothesized 
that this effect might originate from a coprecipitation of 
albumin and plasma lipids in different postprandial states. 
To circumvent this process, the chaotropic salt sodium 
thiocyanate was added to the extraction mix, which report-
edly solubilizes albumin and prevents aggregation (34). 
SCN concentration and SCN counterions were further 
optimized with regard to recovery and matrix effect. The 
final protocol with 0.5 M KSCN at pH 4.7 showed very 
high IS recovery rates with 78–99% for FEA-d4, 84% for 
NAGly-d8, and 77% for 2-AG-d8 standards, which was re-
producible for six independent unfasted human samples 
(supplemental Table S4). Ion suppression of coextracted 
matrix was equal to or below 10% for all ISs, with the ex-
ception of SEA-d4 that showed a 15% reduction in signal 
response at low concentrations. The signal of 2-AG-d8 was 
reduced by 10–19% in all concentrations (supplemental 
Table S4). Compared with studies using toluene or methyl 
tert-butyl ether for extraction, the present yield of IS was 
equal or higher, whereas matrix effects were generally 
lower (22, 28).

Using this optimized protocol, the required plasma vol-
ume could be reduced to 25 µl without losing sensitivity 
(Table 3). Thus, the method can be easily transferred to 
rodent experiments, which can now be directly compared 
with human studies.

Sample workup for the analysis of NAPE-bound FEAs
It has been suggested before that NAPEs can be indi-

rectly quantified by analyzing the respective FEAs that were 
liberated after hydrolysis with NAPE-PLD or with KOH in 
methanol (16, 29). In the present study, hydrolysis with 
KOH was very slow and required long incubation times. 
The replacement of KOH by guanidine hydroxide, which 
shows strong noncovalent interaction with phosphate ions, 
greatly improved the hydrolysis rate. To minimize the re-
quired sample volume and the risk of contamination with 
plasticizers, sample workup was done in a one-pot proce-
dure, where lipid hydrolysis took place in a homogeneous 
solution with all plasma components and was followed by 
liquid-liquid extraction. Fig. 4A illustrates the time-depen-
dent release of FEAs during hydrolysis of NAPEs. Hydroly-
sis was complete after 120 min and revealed high NAPE 
concentrations in plasma of up to 600 ng/ml. Stability of 
FEAs during hydrolysis was confirmed by spiking IS prior to 
incubation, resulting in a recovery of FEA-d4 standards of 
95–105% (supplemental Table S4). The recovery of NAGly-
d8 under these conditions decreased to 78%, presumably 
due to a reduced extraction efficiency of its deprotonated 
form. 2-AG-d8, and other MGs were not detectable after hy-
drolysis. This served as a positive control of the protocol, 
because all esters were supposed to be hydrolyzed under 
these conditions. The influence of matrix components on 
ionization efficiency ranged from 18% to 29% for all ISs 
(supplemental Table S4). Whereas previously published 
methods required plasma volumes of 100 µl or more, the 
newly developed method achieved the indirect quantifica-
tion of NAPE-bound FEAs with an equivalent of only 2.5 µl 
of plasma (16, 29).

Fig.  4.  A: Time-dependent release of FAEs from their NAPE precursors in pooled plasma during hydrolysis by guanidine hydroxide (0.5 M 
in methanol) at 60°C (n = 3). B: Time-dependent release of glycerol esters during incubation of pooled plasma at pH 4.7 and 25°C (n = 3). 
C: Incubation of pooled plasma at pH 4.7 and 25°C in presence of 5 µM Orlistat (n = 3).
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Quantification of ex vivo generation and degradation of 
endocannabinoids and ERCs and their stabilization in 
blood

As elaborated in the introduction, the quantification of 
endocannabinoids and ERCs in blood plasma is compli-
cated by various ex vivo processes. Recent studies success-
fully used enzymatic inhibitors such as PMSF and Orlistat 
to block FAAH-mediated FEA degradation, triacylglycerol 
lipase and DAGL-mediated 2-MG generation and MAGL-
dependent degradation of 1- and 2-MGs in blood (18, 22). 
The established inhibitors, however, were insufficient to 
suppress FEA accumulation during storage (18). More-
over, degradation and acyl migration of 2-MGs to 1-MGs 
still occurred at physiological pH (22). Because blood cells 
tolerate a pH of 5.8 without hemolysis, we tested whether 
these processes could be simultaneously blocked at a blood 
pH of 5.8 (35). Furthermore, the stabilizing effects of the 
unspecific FAAH inhibitor PMSF (2.5 mM) and the unspe-
cific lipase inhibitor Orlistat (5 µM) were reproduced from 
previous studies. Table 1 summarizes the results of all incu-
bations. The selected analytes are representative for the 
substance class and the concentration range.

Incubation of deuterated FEA standards in untreated 
blood revealed FAAH activity, which significantly degraded 
AEA-d8 to 51% at 30°C after 60 min. The activity of FAAH 
could be suppressed by storing the samples on ice, in the 
presence of PMSF and at pH 5.8 at 30°C. With regard to 
endogenous metabolites, we observed that FEAs signifi-
cantly accumulated within 20 min and continued to rise 
during the incubation of untreated blood at 30°C. As ex-
pected, reduced FAAH activity in inhibitor-treated samples 
resulted in a faster and higher accumulation of FEAs. The 
highest effect was observed for AEA, which accumulated to 
617% after 240 min at 30°C. Storing the samples on ice 
slowed the release of FEAs considerably in untreated and 
inhibitor-treated samples, but failed to prevent significant 
accumulation at all tested time points. Acidification of 
blood was likewise insufficient to block FEA release at 30°C. 
Storing acidified samples on ice, however, suppressed all 
ex vivo activity, as no significant accumulation of FEAs was 
observed during the incubation time of 240 min. Our re-
sults confirm that the storage of untreated blood on ice 
prevents FEA degradation, but not their ex vivo generation 
by NAPE-PLD (17, 18, 36). This process could only be 
blocked under acidic conditions on ice, supposedly by fur-
ther lowering the specific enzymatic activity at this pH as 
reported before (37).

The 2-AG-d8 appeared to be extremely unstable under 
all tested conditions. Storage at pH 5.8 on ice did not im-
prove its stability, whereas storage in the presence of inhibi-
tors and on ice was sufficient to stabilize this molecule for 
at least 60 min. We thus conclude that the stability of 2-AG-
d8 in blood is more dependent on MAGL activity and less 
on blood pH.

Quantification of endogenous 2-LG in untreated blood 
revealed a significant accumulation to 162% after 120 min 
at 30°C. Treatment with inhibitors resulted in a significant 
decrease of 2-LG to 46% after 60 min at 30°C. This result 
was surprising, because treatment with Orlistat and PMSF 

was supposed to inhibit both DAGL and MAGL and, thus, 
to stabilize 2-LG levels. Because a significant accumulation 
of its isomer 1-LG to 195% was detected after 120 min in 
inhibitor-treated samples, we hypothesize that both en-
zymes were indeed inhibited during incubation and that 
the initially present 2-LG isomerized to 1-LG. In support of 
this hypothesis, 1-LG did not accumulate to significant lev-
els in acidified samples. In contrast to 2-LG, 2-AG did not 
accumulate in untreated blood at 30°C. Moreover, 2-AG 
levels in inhibitor-treated samples increased to 184% after 
240 min at 30°C. The only similarity between both mole-
cules was that 1-AG accumulated to significant levels in in-
hibitor-treated blood. These observations suggest that 2-AG 
and 2-LG are released by different enzymatic mechanisms, 
while both compounds undergo degradation by MAGL 
and isomerization at physiological pH. Because 2-AG accu-
mulated to significant levels in inhibitor-treated blood, we 
further conclude that 2-AG is released by enzymes that are 
unresponsive to Orlistat. Under acidic conditions, 2-LG 
and 2-AG accumulated significantly at 30°C, whereas their 
1-MG isomers remained unchanged. This result supports 
the assumption that both molecules are constantly released 
by lipases and isomerize to their 1-MG counterparts at 
physiological pH.

Because only acidic conditions and treatment on ice 
could suppress the described processes, we suggest that 
blood samples are immediately stabilized at pH 5.8 and 
stored on ice. Thus, initial FEA and 2-MG concentrations 
can be preserved for up to 4 h. Storage experiments re-
vealed that all analytes were stable for 35 days under these 
conditions (supplemental Table S3).

Inhibition of MG formation in plasma ex vivo
Similar to the ex vivo processes observed in blood, EDTA-

plasma reportedly showed an accumulation of 2-MGs and 
an isomerization to inactive 1-MGs during storage (22). 
Therefore, we assessed their stability of FEAs and MGs in 
untreated, acidified (pH 4.7), and stabilized plasma (0.5 M 
KSCN at pH 4.7) at 25°C (Table 2). The selected analytes 
are representative for the substance class and the concen-
tration range.

Contrary to blood, incubation with FEA-d4 standards did 
not disclose FAAH activity, as all compounds remained un-
changed during incubation. Endogenous FEAs likewise re-
mained unchanged in all tested treatments, which allows 
for the conclusion that only blood cells, but not plasma, 
contain FAAH and NAPE-PLD enzymes.

The stability of spiked 2-AG-d8 in untreated plasma was 
very poor, with a significant reduction to 10% after 60 min 
of incubation. At pH 4.7, 2-AG-d8 was more stable, but still 
degraded significantly to 74% after 60 min, indicating that 
unspecific chemical hydrolysis and isomerization of the es-
ter were the major processes in plasma at physiological pH. 
Because 2-AG-d8 appeared to be further stabilized in the 
presence of KSCN, presumably by denaturating the tertiary 
structure of enzymes (38), residual MAGL activity in plasma 
cannot be excluded.

With regard to acylglycerols, a significant accumulation 
of 2-MGs could be observed in untreated plasma, which 
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was accompanied by a strong increase of the respective 
1-MG isomers. This result confirmed that lipases generate 
2-MGs ex vivo, which in turn isomerize at physiological pH. 
As observed with 2-LG and 1-LG isomers, this process could 
be sufficiently suppressed at pH 4.7. In contrast to 2-LG, 
however, 2-AG was released to more than 43 times of its 
initial concentration during the incubation at pH 4.7. This 
effect appeared in multiple independent experiments and 
in different plasma samples and thus suggests that 2-AG 
precursors and respective metabolic enzymes are present 
in plasma. This effect also underlines that rigorous pH con-
trol is of utmost importance to avoid artifact 2-AG forma-
tion prior to extraction. Conveniently, the extraction mix 
of the present study (0.5 M KSCN at pH 4.7) intrinsically 
blocks all ex vivo activity and may thus be used to stabilize 
plasma up to 2 h prior to extraction.

Quantification and possible origin of lipid-bound 2-MGs
As shown above, 2-AG heavily accumulated during the 

incubation of plasma at pH 4.7. To further assess the re-
lease of 2-AG, we incubated acidified plasma samples for 
up to 5 h at 25°C prior to extraction (Fig. 4B). After 4 h, 
the endpoint of the reaction was reached, and 2-AG levels 
remained nearly unchanged for the following hour. The 
2-AG accumulated 24-fold within 5 h of incubation, fol-
lowed by 1-AG that increased 8-fold, whereas 2-LG, 1-LG, 
and 2-OG increased 3-, 2-, and 2-fold, respectively. We 
speculated that lipases were responsible for this process 
and tested whether the increase could be prevented by 
adding the unspecific lipase inhibitor Orlistat to the initial 
mixture. As a result, 2-LG, 2-OG, and 1-LG remained unaf-
fected during incubation (Fig. 4C), indicating that these 
molecules are mostly generated by diacylglycerol and tria-
cylglycerol lipases in blood, which is in accordance with 
previous studies (9, 11, 22). The 2-AG levels, however, still 
increased 5-fold and 1-AG levels increased 3.5-fold. These 
results were consistent with the previous incubation ex-
periments and strongly suggest that 2-AG is released by dif-
ferent mechanisms than the other acylglycerols. Because 
acidification of plasma to pH 3.8 reduced the release of 
2-AG to 131% after 60 min compared with 885% at pH 4.7 
(supplemental Fig. S2A), an acid-catalyzed effect can be 
excluded. Further considering the observation that ex vivo 
activity in plasma was blocked completely in presence of 
KSCN, presumably by destabilizing enzymes or lipid com-
plexes in plasma (38, 39), this finding suggests that the 
release of 2-AG is a specific process that is controlled by 
enzymatic activity. Therefore, we hypothesize that 2-AG is 
released by the activity of phosphatidylinositol-specific 
PLC (PI-PLC). This enzyme primarily converts PI to diac-
ylglycerols, which, in turn, release 2-AG by the action of 
the sn-1-selective DAGLs DAGL and/or DAGL (40). 
This assumption is supported by the fact that PI from 
mammalian tissue primarily consists of stearic acid esteri-
fied at the sn-1 position and arachidonic acid esterified at 
the sn-2 position (41). Furthermore, PIs were identified in 
lipoproteins such as LDL and HDL2 in human circulation 
(42). In addition, the PI-PLC- enzyme is reportedly pres-
ent in circulation and is induced at pH 5 through confor-

mational changes (43). These findings in total may explain 
the accelerated release of 2-AG at pH 4.7. Because a small 
fraction of 2-AG was still released in presence of Orlistat, 
we cannot exclude that PLA1 produces sn-2-lysophosphati-
dylinositides that are subsequently hydrolyzed by PI-PLC 
(8). It could also be observed that 1-AG accumulated to 
some extent in the presence of Orlistat at pH 4.7 (Fig. 3C). 
It is difficult to state whether its release is an enzymatic 
process or the result of isomerization of 2-AG; however, 
because the levels of 1-AG remained unchanged at pH 3.8 
within 60 min (supplemental Fig. S2B), we argue that 
1-AG is generated by isomerization of accumulating 2-AG 
at pH 4.7. Consequently, the total 2-AG-PI levels might be 
more correctly represented as the sum of released 2- and 
1-AG.

In summary, this method may offer a new and simple 
way to quantify circulating 2-AG-PI levels with minimum 
amount of plasma (25 µl). To the best of our knowledge, 
2-AG-PI was so far only quantified from tissue and cell ex-
tracts using LC/MS/MS. Because of the low abundance of 
PIs in mammalian cells and due to the high complexity of 
their metabolome, PIs are difficult to analyze and require 
multiple purification steps prior to analysis. By using our 
indirect approach, we were able to quantify 2-AG-PI with 
comparable sensitivity to methods that analyzed phospho-
lipids directly (44). However, although our method may be 
an easy and inexpensive approach, the direct quantifica-
tion of PIs is preferable.

Validation of the UHPLC-MS/MS method
For validation of the method, linearity, LOD, LOQ, re-

covery, and intraday as well as interday precision were as-
sessed. Spiked calibrators in the low concentration range 
were at or close to the LOQ of most analytes (supplemental 
Table S1) and thus were suitable to assess accuracy and pre-
cision at the calculated LOQs. Linearity of the method was 
determined in pure solvent and in spiked human plasma. 
Linear regression analysis showed consistent results in both 
matrices with correlation coefficients (R2) >0.995 for all 
quantifier transitions and R2 > 0.98 for all qualifier transi-
tions (supplemental Table S5). Mean recovery rates of 
spiked calibrators in low, medium, and high concentra-
tions were 90–110% of the nominal value for most analytes, 
disclosing a high accuracy of the method (Table 3). At all 
spiked concentrations, the observed recovery of 2-OG was 
more than 10% lower than the nominal values, indicating 
that the 2-OG response is probably reduced by a matrix ef-
fect and that 2-OG should be quantified with a deuterated 
analog. The intraday CV (%) was about 5% for most en-
dogenous and spiked analytes, whereas interday measure-
ments revealed CVs of 10–20% for 1-AG, SEA, tVEA, EEA, 
and EPEA in unspiked plasma and plasma spiked with low 
concentrations. With the exception of SEA, tVEA, and 
EEA, all other spiking experiments revealed a good preci-
sion with CVs of about 5%. NAPE hydrolysis of unspiked 
plasma also showed a CV of about 5%. Table 3 includes the 
calculated LODs and LOQs of all analytes, which are gen-
erally comparable with studies in which similar LC/MS 
equipment was used.
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Quantification of circulating endocannabinoids, NAPEs, 
and lipid-bound MGs in six healthy volunteers

The optimized and validated UHPLC-ESI/MS/MS 
sMRM method was applied to quantify circulating lipids in 
six unfasted human volunteers (Table 4). Saturated and 
monounsaturated PEA, OEA, SEA, and VEA constituted 
the largest fraction in plasma with 82% of total circulating 
FEAs. Their concentrations (mean ± SD) were between 
2.51 ± 0.39 and 0.81 ± 0.20 ng/ml. POEA was present at 
0.11 ± 0.05 ng/ml. The remaining FEA fraction consisted 
of conjugates of -6 and -3 FAs, with contents of LEA of 
0.49 ± 0.15 ng/ml, AEA of 0.17 ± 0.03 ng/ml, and DHEA of 
0.26 ± 0.09 ng/ml, respectively. ALEA, DGLEA, and EPEA 
were detected at concentrations below 0.1 ng/ml. GLEA 
and DALEA were present above LOQ at 0.02 and 0.12 ng/
ml, respectively, but were not quantified due to the absence 
of their qualifier transition. All other FEAs were below 
their respective LOD between 0.01 and 0.04 ng/ml. In to-
tal, the concentrations measured in this study were in ac-
cordance to literature data.

Our results further show that the majority of FEAs were 
bound to their respective NAPE precursors, and only 1–5% 
of circulating FEAs were present in their free form. The 
most abundant compounds were NAPEs of PEA, SEA, and 
OEA with concentrations of 330 ± 53.8 to 123 ± 20.5 ng/ml, 
followed by LEA, VEA, AEA, and DHEA between 39.4 ± 
9.79 and 13.7 ± 6.7 ng/ml. In contrast to their free form, 
NAPE-bound tVEA, GLEA, and ETEA were detected at 
concentrations between 2.82 ± 1.00 and 0.47 ± 0.11 ng/ml, 
indicating that a wide range of FAs may be utilized for 
NAPE biosynthesis, including trans-FAs. NAGly was not de-
tectable after hydrolysis, indicating that this compound is 

not bound to other lipids. The presently measured NAPE 
concentrations were generally by multiple times higher 
than those reported before (29). The reason for this dis-
crepancy may be that the previous study precipitated pro-
teins prior to hydrolysis in methanol, whereas our method 
used a homogeneous methanolic solution for hydrolysis. 
Because no phospholipid standards were used during pro-
tein precipitation, it cannot be excluded that a fraction of 
lipids coprecipitated with the protein pellet. Moreover, we 
monitored several time points over the course of 180 min 
during hydrolysis (Fig. 4A) and observed that quantitative 
hydrolysis required 120 min at 60°C. Therefore, the hydro-
lysis time of 45 min at 60°C applied in the previous study 
might simply have been too short.

The present concentrations of 2- and 1-AG (0.63 ± 0.21 
and 0.09 ± 0.07 ng/ml) were comparable to previous stud-
ies. In agreement with published data, the concentration 
of 2-AG amounted to 87.5% of the sum of 2- and 1-AG, in-
dicating minimal isomerization during our sampling and 
sample workup procedures (28). Although the protocol of 
the present study provides a reliable snapshot of endoge-
nous 2- and 1-AG levels, it is difficult to assess whether 1-AG 
is the product of enzymatic processes or the product of 
chemical isomerization. We suggest that 1-AG is continu-
ously formed via isomerization in blood, which appears to 
be in an equilibrium with degradative processes. Concen-
trations of 2-OG were comparable to a study in which Orli-
stat was used to stabilize 2-MGs in plasma, whereas the 
content of 2-LG was much lower (22). Compared with stud-
ies without stabilization steps, 2-LG and 2-OG levels of the 
present study were much lower, indicating that other stud-
ies might have overestimated the concentrations due to ex 

TABLE  4.  Circulating endocannabinoids and ERCs and their NAPE and PI-2-AG (lipid-bound) precursors in  
plasma of six healthy human volunteers (n = 6)

Free (ng/ml) Lipid-bound (ng/ml)

Literature values (ng/ml)

Free Lipid-bound

PEA 2.51 ± 0.39 330 ± 53.8 0.48 (a), 1.5 (b), 2.1 (c), 4 (d), 4.3 (e) 50.92 (b)
SEA 2.03 ± 1.21 167 ± 30.3 0.62 (b), 1.2 (c) 2.1 (d), 3.3 (a) 34.31 (b)
POEA 0.11 ± 0.05 6.52 ± 0.9 0.17 (c), 20.9 (a) —
VEA 0.81 ± 0.20 26.1 ± 4.67 2.33 (f) —
OEA 1.24 ± 0.25 123 ± 20.5 0.54 (d), 1 (a), 1.5 (e), 1.98 (b), 3.1 (c) 22.66 (b)
tVEA <LOD 4.3 ± 1.4 — —
EEA <LOD <LOD — —
tPeEA <LOD <LOD — —
ALEA 0.05 ± 0.02 2.73 ± 0.77 0.04 (c), 0.21 (d) —
DALEA <LOD <LOD — —
ETEA <LOD 0.47 ± 0.11 — —
EPEA 0.02 ± 0.01 1.91 ± 0.93 0.03 (c), 0.1 (a) —
DHEA 0.26 ± 0.09 13.7 ± 6.7 0.41 (b), 0.44 (c), 0.46 (a) 3.99 (b)
LEA 0.49 ± 0.15 39.4 ± 9.79 1.23 (c), 2.54 (a), 17.97 (d) —
GLEA <LOD 1 ± 0.4 — —
DGLEA 0.04 ± 0.01 4.66 ± 1.58 0.12 (c) —
AEA 0.17 ± 0.03 22.1 ± 6.08 0.23 (d), 0.34 (e), 0.37 (b), 0.39 (c), 0.41, 0.5 (a) 8.07 (b)
2-AG 0.63 ± 0.21 18.6 ± 5.1 0.57 (e), 0.72 (h), 0.89 (c), 9.4 (a), 1.1 (g) —
1-AG 0.09 ± 0.07 1.58 ± 0.43 0.18 (e) —
2-LG 2.31 ± 0.80 9.24 ± 2.92 7.8 (c), 15.7 (a), 27.6 (g) —
1-LG 1.00 ± 0.29 1.61 ± 0.31 — —
2-OG 6.18 ± 3.95 15.7 ± 10.4 8.93 (c), 17.8 (g) —
NE <LOD <LOD — —
NAGly 0.25 ± 0.09 <LOD 0.61 (a) —

Concentrations are expressed in ng/ml. Values from the literature are highlighted in bold: a (26), b (29), c (22), d (27), e (36), f (30), g (45), 
and h (28).



Stabilization and quantification of endocannabinoids 1487

vivo processes (26, 45). In support of this interpretation, 
the concentrations of lipid-bound 2-LG and 2-OG in the 
present study were close to concentrations of free circulat-
ing 2-LG and 2-OG of other studies, stressing once more 
that blood stabilization is crucial to quantify these com-
pounds correctly (26, 45). With 18.6 ± 5.1 ng/ml, the con-
tent of lipid-bound 2-AG was about 30-fold higher than its 
free circulating form. To our knowledge, quantitative data 
of circulating 2-AG-PI has not been published before. One 
study focusing on phospholipids, however, qualitatively de-
termined that 2-AG-PI is present in abundance in the lipo-
protein fraction of human plasma (42).

As elaborated in the introduction, endocannabinoids 
and ERCs may partially originate as a spillover from signal-
ing events in endocrine tissues. During their diffusion 
through the lymph into circulation, a fraction of these 
molecules might be degraded by their catabolic enzymes 
FAAH and MAGL. Because of this, their concentrations in 
plasma may be of limited use to assess the endocannabi-
noid tone within tissues (13). The finding that NAPEs and 
2-AG-PI are present in high concentrations in plasma, how-
ever, is physiologically important. Because FAEs and 2-AG 
are released from these precursors, the quantification of 
NAPEs and 2-AG-PI may be used to calculate the released 
amounts of FEAs and 2-AG during signaling events. The 
relative abundance of the different NAPE structures may 
moreover provide a direct measure of the metabolic flux of 
the EC system and allow for estimating the signaling poten-
tial at the different cannabinoid receptors. For instance, 
the result that NAPEs of AEA and DHEA are present in a 
similar concentration range is important, because both 
AEA and DHEA are known to bind with similar affinities to 
the CB1 receptor (EC50 of 31 and 50 nM, respectively). Be-
cause DHEA is a much weaker agonist at the CB1 receptor, 
with about one-third of the efficacy of AEA (4, 7), DHEA 
was suggested to reduce the endocannabinoid tone by 
competing with AEA. This hypothesis has been verified in 
vitro and in animal experiments with the result that supple-
mentation with DHEA increased insulin sensitivity and glu-
cose uptake in muscle cells and decreased the accumulation 
of fat mass in adipose cells in a CB1-dependent manner 
(46, 47). Thus, the ratio of NAPE-AEA and NAPE-DHEA 
may potentially serve as a biomarker for the endocannabi-
noid tone in different tissues and provide insights into the 
mechanisms that contribute to the metabolic syndrome 
(1). The quantities of NAPEs might also be used to study 
the EC system in circulation, rather than in tissue extracts. 
This idea is substantiated by the fact that NAPEs were ob-
served to be in equilibrium between circulation and lym-
phatic fluids. One study, for instance, has shown that 
radiolabeled NAPEs of PEA accumulated in the hypothala-
mus of mice that were injected with NAPE ip (16). The 
same study also observed that NAPE-PEA dose dependently 
reduced food intake in animals, suggesting a functional re-
lationship between circulating NAPEs and central regula-
tion of energy balance.

In summary, we have employed an analytical method, 
which allows the comprehensive quantification of free and 
phospholipid-bound endocannabinoids and ERCs in a 

minimum amount of plasma. We further assessed their sta-
bility in detail after sampling and during extraction and 
have established a protocol which reliably quantifies their 
endogenous concentrations. The methods can now be ap-
plied in human and rodent studies to comprehensively in-
vestigate their role in the regulation of food intake, energy 
metabolism, substance dependence, and inflammation (1, 
13, 45).

The authors thank Christine Meissner for proofreading the 
manuscript.
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