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Abstract

Since the discovery of the endocannabinoids anandamide and 2-arachidonoylglycerol (2-AG) in 

the early 1990’s, the endocannabinoid system has been implicated in a wide array of physiological 

processes, such as control of food intake and energy balance, fertility and obesity. As the 

importance of this system becomes apparent, there is a tremendous need for robust, sensitive and 

efficient analytical methodology for the examination of the endocannabinoids, their congeners and 

putative metabolites. This review will summarize quantitative analytical methodology as reported 

in the literature from 1992 to present for the analysis of endocannabinoids and related compounds.
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1. Introduction

Endocannabinoids are defined as endogenously produced compounds that bind to and 

functionally activate the cannabinoid receptors, CB1 and CB2 [1]. Since the discovery of 

anandamide (AEA) in 1992 [2], approximately seven additional endogenous compounds that 

activate either of the CB receptors have been identified from mammalian tissues [3] [4] [5,6] 

[7] [8] [9]. Table 1 lists known endocannabinoids and their structures. Of these compounds, 

AEA and the monoacylglycerol, 2-arachidonoylglycerol (2-AG) have been the subject of the 

majority of scientific investigation.

Several enzymes regulate the generation and degradation of these compounds. The most 

well-characterized enzymes involved in endocannabinoid degradation are fatty acid amide 
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hydrolase (FAAH), which cleaves AEA into free arachidonic acid and ethanolamine, and 

monoacylglycerol lipase (MAGL), which hydrolyzes monoacylglycerols (MAGs), including 

2-AG, to generate free arachidonic acid and glycerol. Diacylglycerol lipase type-α (DAGL-

α) has been shown to generate 2-AG from diacylglycerols, particularly 1-stearoyl, 2-

arachidonoylglycerol [10] [11] while 2-AG and AEA have been shown to be substrates of 

oxygenating enzymes. In 1997, Yu et al. reported that AEA is a substrate for the 

cyclooxygenase-2 enzyme (COX-2) but not COX-1 [12]. The oxygenated products included 

PGH2-ethanolamide, which was shown to be isomerized by various PG synthases, resulting 

in a series of prostaglandin ethanolamides (PG-EAs). Later, Kozak et al. reported that 2-AG 

was similarly oxygenated by COX-2 (and not COX-1) and via PG synthases, gave rise to a 

series of prostaglandin glycerol esters (PG-Gs) [13].

The endocannabinoids given in Table 1, the enzymes discussed above (as well as putative 

endocannabinoid transporters), and the two characterized CB receptors comprise the 

endocannabinoid system. In the last decade, a significant body of evidence has developed 

implicating this system in a wide array of physiological processes, such as control of food 

intake and energy balance [14], emesis [15], fertility [16] and obesity [17]. Additionally, 

Nirodi et al. demonstrated that PGE2-G induces Ca2+ mobilization in RAW cells [18] and, 

recently, Hu et al. showed PGE2-G to have hyperalgesic properties in vivo and succeeded in 

recovering PGE2-G from the hindpaw of mice [19].

Endocannabinoids are often the only species within a larger class of lipid biomolecules to 

display activity at either CB receptor. The non-cannabimimetic members of these molecular 

classes, however, have been shown to effect the actions of true endocannabinoids. For 

example, Ben-Shabat et al. reported that in competitive binding assays in CHO cells 

transfected with the CB2 receptor, the Ki of 2-AG alone was 1640 nM. A mixture of 2-AG, 

2-linoleoylglycerol (2-LG) and 2-palmitoylglycerol displayed a Ki of 273 nM, despite the 

lack of activity from 2-LG and 2-palmitoylglycerol below 20 µM [20]. The lowering of Ki 

values in the presence of inactive compounds – termed the “entourage effect” – was seen for 

2-AG binding to CB1 as well.

Given the existence of several endocannabinoids throughout mammalian tissue and the 

realization that the endocannabinoid system is a highly relevant physiological pathway 

whose modulation may prove to be efficacious for the treatment of a wide variety of 

pathophysiological conditions, there is a tremendous need for robust, sensitive and efficient 

analytical methodology for the examination of the endocannabinoids, their congeners and 

putative metabolites. The whole of the signaling cascade must be taken in account if the 

fundamental nature of the endocannabinoid system is to be elucidated. It is the goal of this 

review to summarize quantitative analytical methodology as reported in the literature from 

1992 to present for the analysis of endocannabinoids and related compounds.

2. Sample preparation and purification

Sample preparation for endocannabinoid analysis from tissue typically consists of 

homogenization of the tissue of interest in an organic solvent followed by further 

purification/isolation of the analytes via open-bed chromatography or solid phase extraction 
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(SPE, also sometimes referred to as mini-columns). Purification of endocannabinoids from 

cell media is usually performed by SPE techniques. Despite the high degree of specificity 

afforded by current detection techniques, specifically liquid chromatography in-line with 

tandem mass spectrometry, it is desirable to subject samples to an efficient purification 

process prior to such analysis. This is especially so from biological matrices, where the 

number of endogenous lipids and low-molecular-weight compounds; all potential 

interferants for chromatographic and mass spectrometric analysis, is significant.

Some researchers have employed an intricate purification strategy. For example, Kirkham et 

al. homogenized dissected mouse hypothalamus and limbic forebrain in a solution of 

chloroform-methanol-Tris HCl (50 mM), 2:1:1, v/v [21]. The homogenate is centrifuged and 

the organic layer removed. The remaining aqueous layer is extracted two more times with 

chloroform and the pooled organic volumes are dried. The sample is reconstituted in 

chloroform-methanol, 99:1, v/v and fractionated on open-bed silica, and the 2-AG and AEA-

containing fraction (CHCl3-MeOH, 9:1, v/v) is collected and dried. This sample is further 

purified via normal phase (NP) HPLC where the AEA- and 2-AG-containing fractions are 

collected and the analytes derivatized for GC-MS analysis. While thorough, such an 

approach is not amenable to large numbers of samples.

While many workers have used similar Folch-type extractions [22] to extract lipids from the 

tissue of interest, a simple SPE step is often the final purification prior to analysis. For 

example, Schmid et al. report the analysis of several N-acylethanolamides (NAEs) and 

MAGs from rodent tissue by Folch extraction followed by reconstitution in chloroform and 

SPE on silica cartridges. The reconstituted samples are loaded on silica SPE cartridges, 

washed with chloroform and eluted with a solution of chloroform-methanol, 98:2, v/v [23]. 

Kingsley et al. homogenized murine brain tissue in ethyl acetate [24] and purified the dried, 

reconstituted homogenate in the manner described by Schmid et al. [23]. This purification 

scheme provides a clean sample with a high percent recovery (greater than 50% for 2-AG 

and AEA [24]) and permits short workup times due to the high volatility of chloroform.

Alternatively, reverse-phase (RP) SPE may be used. Endocannabinoids, their congeners and 

COX-2 metabolites are typically retained strongly by RP modalities. This provides an 

opportunity to wash the loaded SPE cartridge with solvents containing a large percentage of 

organic solvent and still achieve high recovery of analyte. Bazinet et al. analyzed rat brain 

tissue for AEA by homogenization in chloroform-methanol, 2:1, v/v. The reconstituted 

sample is further purified by C18 SPE [25]. Likewise, Bradshaw et al. analyzed rat brain 

tissue for the endocannabinoids AEA, 2-AG and N-arachidonoyl dopamine as well as N-

arachidonoyl glycine and N-arachidonoyl amino gamma butyric acid by homogenizing 

tissues of interest in a solution of acetonitrile-methanol, 1:1, v/v [26]. The homogenate is 

centrifuged and the supernatant diluted to achieve a ratio of aqueous-organic, 70:30, v/v. The 

loaded SPE cartridges are then washed with water and a solution of methanol-water, 55:45, 

v/v. Final analyte elution occurs with methanol. Similarly, Opitz et al. describe the 

purification of 2-AG and AEA from harvested cell media by dilution of the media with 

water and methanol to achieve a 70% aqueous proportion, which is then loaded onto a C18 

SPE cartridge [27]. The sample is then purified and eluted as described by Bradshaw et al. 

[26].
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Patel et al. described a simple preparation strategy where murine brain tissue is 

homogenized in acetonitrile, stored at −10°C and centrifuged to precipitate proteins [28]. 

The supernatant is removed, dried, reconstituted in methanol and analyzed. Finally, Wang et 

al. described the use of polymyxin B (PMB) resin to selectively adsorb AEA and 2-AG from 

biological fluids, including serum [29] [30]. The resin is introduced to the sample via PMB-

immobilized beads (in suspension) and incubated for 1 hour at 4°C. The beads are pelleted 

by centrifugation and the analytes are eluted from the PMB beads with ethanol. Thus, 

investigators may prepare endocannabinoids and related compounds for analysis by a 

number of well-established techniques.

3. Separation and detection of endocannabinoids and related compounds

Quantitative analysis of endocannabinoids and related compounds is almost universally 

accomplished with chromatography-based techniques. The methodologies surveyed can be 

roughly divided into three categories; (1) HPLC separation of derivatized analytes with UV 

or fluorescence detection, (2) GC separation of analytes followed by MS detection and (3) 

LC separation followed by MS or tandem MS detection. The GC-MS and LC-MS 

techniques are the most prevalent assays in the literature.

3.1 HPLC Methods

There are a number of HPLC methods reported in the literature that employ UV or 

fluorescence detection. Yagen et al. present a method for the analysis of AEA from cell 

media in which AEA is derivatized to its dansyl ester [31]. The derivatized AEA is detected 

by reverse-phase (RP) HPLC using an octadecylsilyl (also known as ODS or C18) column 

with UV detection at 255 nm. Several groups reported the preparation of 4-N-

chloroformylmethyl-N-methylamino-7-N,N-dimethylaminosulfonyl-2,1,3-benzoxadiazole 

(DBD-COCl) derivatives of AEA or 2-AG (Figure 2) [32] [30] [33]. Wang et al. employed 

RP chromatography via an ODS column with fluorescence detection (excitation at 450 nm, 

detection at 560 nm) for both AEA and 2-AG from biological fluids [30]. Arai et al. 

analyzed AEA from rat brain tissue using a coupled-column HPLC system, wherein the 

analyte was eluted from a phenyl column onto a trapping column (ODS) and then eluted 

from the trapping column to a second HPLC column (ODS) column [32]. Arai et al. 

employed fluorescence detection as described by Wang et al. [32] [30].

These LC techniques rely on commonly used derivatization schemes, do not require costly 

mass spectrometric instrumentation and can deliver sensitivity in the fmol on-column range. 

Arai et al. reported a limit of detection (LOD) for AEA of 10 fmol on-column with a 

signal:noise ratio of 3 [32]. Wang et al. reported LODs of 20 and 50 fmol for AEA and 2-

AG, respectively [30]. Additionally, they report a high degree of linearity for standard curves 

of AEA and 2-AG in the range of 1 – 500 pmol/mL (r2 values of 1.000 and 1.00, 

respectively) and deviations from the known concentration of less than 15% for the analysis 

of sera samples spiked with known amounts of AEA and 2-AG [30].

The majority of reported methods for endocannabinoid analysis, however, are GC-MS or 

LC-MS based. These hyphenated mass spectrometric techniques display very good 

sensitivity, usually providing a limit of detection on the order of pmol on-column. They also 
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provide, via the combination of identification by retention time and mass spectrometric 

profile, a high degree of specificity. This latter point is crucial when one is considering a few 

lipid species from the hundreds-to-thousands that can be found in mammalian cells and 

tissues.

3.2 Gas chromatography-based mass spectrometric methods

The initial discoveries that established the field of endocannabinoid research employed GC-

MS techniques where the analyte was derivatized with a traditional GC agent and subjected 

to GC separation followed by electron ionization (EI) or chemical ionization (CI) mass 

spectrometric detection. Among the evidence presented by Devane et al. for the presence of 

AEA in porcine brain were data from GC-MS and GC-MS/MS analyses. They established 

that synthetic and recovered AEA exhibited identical retention times and fragmentation 

patterns as both the trimethylsilyl (TMS) ether and the underivatized compound [2] (Fig. 2). 

Similarly, Mechoulam et al. established the presence of 2-AG in canine gut by comparison 

of isolated and synthetic 1- and 2-AG on a GC-MS system. Again, the native compound and 

the TMS ether derivative were shown to be identical in terms of their chromatographic 

retention time and mass spectrometric fragmentation patterns when analyzed with both CI 

and EI [3].

Schmid et al. described a quantitative assay for NAEs (including AEA) from mammalian 

brain tissue [34]. They isolated and derivatized NAEs to their tert-butyl dimethylsilyl 

(tBDMS) ethers. Analysis is accomplished on a GC-MS system wherein selected ion 

monitoring (SIM) of the [M-57] ion is performed by a single quadrupole mass analyzer. 

Quantification occurs via stable isotope dilution against deuterated analogs of AEA, as well 

as palmitoyl (PEA), oleoyl (OEA) and stearoyl ethanolamide [34]. Interestingly, Schmid et 

al. reported that AEA is a minor component of the NAEs present in the brain tissue of 

several mammals. This same group later extended this methodology to MAGs, including 2-

AG [23]. They described the analysis of MAGs from various rat tissues as the di-tBDMS 

ether derivative (Fig. 2) via SIM of the [M-57] ion on a GC-MS system.

Giuffrida et al. described an assay for AEA as well as PEA and OEA in rat plasma, detecting 

the TMS derivatives via GC-MS with EI [35]. The sensitivity for this assay was reported to 

be in the low pmol range, with AEA, PEA and OEA having LODs of 0.4, 0.1 and 0.1 pmol 

on-column, respectively.

3.3 Liquid chromatography-based mass spectrometric methods

Presently, LC-MS methods are the most common for endocannabinoid analysis. HPLC in 

the RP mode via an ODS column is the most prevalent separation technique. This is not 

surprising considering the lipophilic nature of endocannabinoids.

A concern regarding the LC-MS analysis of endocannabinoids is their lack, in most cases, of 

an ionizable moiety. 2-AG and MAGs in general are neutral compounds. AEA and other 

NAEs contain a nitrogen but it is traditionally considered part of the neutral amide 

functionality. Of the eight endocannabinoids discussed in the introduction, only 

virodhamine, with its terminal primary amine is a readily ionizable molecule. However, in 

practice, the soft ionization techniques developed to join HPLC and mass spectrometry, 
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namely electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI) 

prove capable of providing sufficient ionization of endocannabinoids to deliver limits of 

detection in the fmol-on-column range when used with current mass spectrometers. Several 

ionization strategies have been reported for endocannabinoids and related compounds 

including protonation (formation of the [M+H]+ ion), adduction to metal cations such as 

sodium or silver ([M+Na/Ag]+) and coordination with the ammonium cation ([M+NH4]+).

Many researchers have reported mass spectrometric quantification of chromatographed 

analytes via SIM. However, the tandem mass spectrometric technique ‘selected reaction 

monitoring’ (SRM, also referred to as ‘multiple reaction monitoring’ or MRM) is the most 

advantageous detection mode, resulting in a substantially lower level of background noise 

and correspondingly better sensitivity and specificity. Figure 3 illustrates the difference 

between SIM and SRM. Here, a purified sample of rodent brain tissue was injected twice 

onto an LC-MS system for analysis of AEA and 2-AG. The chromatograms on the left result 

from SRM whereas those on the right result from SIM (injection volumes, elution and 

ionization parameters are identical). The superior sensitivity afforded by SRM is especially 

evident in the AEA chromatograms, where AEA is not distinguished from noise in the SIM 

chromatogram but is clearly seen with a signal:noise ratio of >5 in the SRM chromatogram. 

The disadvantage of SRM is the requirement of a relatively expensive mass spectrometer 

capable of MSn analyses (such as a triple quadrupole or linear ion trap instrument), whereas 

SIM can be accomplished on a significantly cheaper single stage instrument.

Di Marzo et al. analyzed 2-AG, AEA and the non-cannabimimetic congener PEA in murine 

brain tissue via LC-APCI-MS in SIM mode. They monitored the [M+H]+ ion for all three 

analytes (m/z 379, 348 and 300, respectively). 2-AG and AEA were quantified by stable 

isotope dilution while PEA was quantified by comparison to a non-deuterated internal 

standard [36]. Fezza employed similar methodology for the analysis of 2-AG, AEA and 

noladin from rat brain tissue. Again, the analytes were quantified by isotope dilution against 

deuterated analogs [37]. Fezza et al. reported an LOD for deuterated noladin of 100 fmol on-

column.

Porter et al. described the analysis of virodhamine and AEA in various rat tissues using an 

LC-APCI-MS/MS system (in SRM mode) [9]. They monitored the analytes via the m/z 348 

→ 62 transition, where the precursor (or Q1) m/z 348 corresponds to the [M+H]+ ion and 

the fragment (or Q3) m/z 62 represents the protonated ethanolamine cation. This m/z 
transition is applicable to both analytes, as they are isomeric. Mass spectral interference 

between the analytes is avoided as baseline chromatographic resolution is achieved (Figure 

4) on a ODS column under isocratic conditions. AEA and virodhamine were quantified 

against deuterated AEA (m/z 352 → 62).

Richardson et al. presented a comprehensive method for the analysis of eight 

endocannabinoid congeners (2-AG, AEA, noladin, virodhamine, 2-LG, arachidonoyl 

glycine, OEA, and PEA) from rat brain tissue via LC-ESI-MS/MS [38]. They achieved 

chromatographic separation using gradient elution on a HyPurity Advance column (C8 alkyl 

moiety tethered to silica particle via an amide linkage) and SRM was employed for all 

analytes. An LOD of 25 fmol on-column was reported for AEA, virodhamine, OEA, PEA 
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and arachidonoyl glycine while an LOD of 250 fmol on-column was reported for 2-AG, 

noladin and 2-LG. Table 2 provides the precursor and fragment ions of all compounds 

discussed by Richardson as well as selected mass spectrometric parameters. Finally, Lam et 

al. reported an LC-ESI-MS/MS assay for AEA from human plasma utilizing ultra high 

pressure liquid chromatography (UPLC) [39]. The authors reported a LOD of 0.055 fmol 

on-column. Thus, we see that the broad class of lipids containing several endocannabinoids 

are amenable to analysis via ESI and APCI-LC-MSn techniques by the generation of an [M

+H]+ ion.

Metal cation coordination has also been used to ionize endocannabinoids and their 

oxygenated metabolites for mass spectral analysis. Kozak et al. used sodium-containing 

mobile phases to generate [M+Na]+ ions of prostaglandin glycerols and ethanolamides, 

HETE glycerols and 2-AG. Samples from rat plasma and in vitro protein incubations were 

analyzed underwent LC-MS and full scan mass spectral analysis [13] [40]. Once again, the 

chromatography was carried out in the reverse-phase mode using a ODS column. LC-MS 

detection was achieved via SIM of the [M+Na]+ ion and analytes were quantified by isotope 

dilution against deuterated analogs.

The affinity of Ag+ for π-electrons, an interaction long known in lipid chemistry, has been 

used as an ionization strategy by several groups. Schreiber et al. described the analysis of 

AEA and OEA via their [M+Ag]+ ions from human serum and plasma [41]. Kingsley et al. 

describe utilizing Ag+-coordination in an assay for AEA and 2-AG [24] from murine brain 

tissue. Both groups used ESI with SRM detection. Kingsley et al. reported LODs of 14 and 

13 fmol on-column for AEA and 2-AG, respectively. Silver adduction does not extend to 

saturated lipids.

Finally, COX-2 oxygenation products of AEA and 2-AG may be observed in the positive ion 

mode by coordination with the ammonium cation (NH4
+). Kingsley et al. described a 

method utilizing this technique for the analysis of PG-Gs and prostaglandins from cell media 

[42], as did Hu et al. in the first report of PGE2-G from an in vivo setting [19]. In both cases, 

the analytes are chromatographed on a ODS column and detected with SRM. The precursor 

ion is the [M+NH4]+ complex and the fragment ion is one of several masses. m/z 409 and 

391 are dehydration products which result from the loss of NH3 and one or two molecules of 

H2O and are produced in abundance (Kingsley et al. employed m/z 444 → 391 for detection 

of PGE2-G and PGD2-G). Hu et al. also used these fragments as precursor ions and used m/z 
91 and 79 as fragment ions to verify the presence of PGE2-G in rat tissue [19].

Generally, endocannabinoid congeners, such as OEA and various MAGs are amenable to the 

above-described techniques, with the noted limitations. Richardson et al. included in their 

method the non-cannabimimetic compounds PEA, 2-LG and arachidonoyl glycine [39]. The 

Marnett laboratory has analyzed the unsaturated 18-carbon MAGs (oleoyl, linoleoyl and 

linolenoyl glycerol) from murine brain tissue on a RP LC-MS system using ionization with 

Ag+ and SRM detection with the ([M+Ag]+ → [M+Ag]+ − 74) transition. The loss of 74 

amu corresponds to the loss of the glycerol moiety [43].
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3.4 Analyte quantification

Quantification of analytes is typically accomplished by either stable isotope dilution or with 

a standard curve. Stable isotope dilution, which is applicable only to mass spectrometric-

based techniques, involves spiking the sample, prior to purification, with a known amount of 

an internal standard. This “stably labeled analog” is typically a compound chemically 

identical to the analyte except that it has several atoms of a stable, low-abundance isotope 

incorporated into the molecule. The stable isotope most commonly used is deuterium 

(indicated by –dn or [2Hn], where n is the number of deuterium atoms in the molecule). 

However a stably labeled internal standard may also contain 15N, 18O, etc. For example, 2-

AG-d8, which is available commercially in high purity and is deuterated at the 5, 6, 8, 9, 11, 

12, 14 and 15 carbons, is very commonly used for 2-AG analysis [38]. For analytes where a 

stably labeled analog is not available commercially, one may be synthesized from deuterated 

starting materials, as both deuterated free acids and terminal moieties (such as glycerol-d5) 

are commercially available. For example, PGE2-G-d5 is synthesized by condensing the 

penta-deuterated glycerol with PGE2 [13] and a synthetic scheme for deuterated NAEs and 

MAGs has been reported [23].

When a standard curve is used for quantification, the standards are usually prepared as stock 

solutions due to the fact that endocannabinoids are endogenous compounds. For mass 

spectrometric-based methods, deuterated compounds are often used as internal standards 

even when a standard curve is used for quantification. Quantification is achieved by 

comparing the response of unknown samples against the standard curve. While the standard 

addition technique is appropriate for this situation, it is rarely encountered in the literature, 

perhaps because sample mass is limited and the considerable extra material needed for 

standard addition cannot be spared.

4. Complicating pre-analytical factors

4.1 Acyl migration

Acyl migration in MAGs results in conversion of the 2-isomer to 1-(3)-isomer, and 2-AG is 

highly susceptible to this process. Numerous authors have observed 1-AG in 

endocannabinoid assays [44] [23]. Rouzer et al. investigated this isomerization event and 

reported that in RPMI culture medium, 2-AG converts to 1-AG with a half-life of 10 min 

and the half-life is reduced to 2.3 min when the medium contains 10% serum [45]. 

Additionally, Rouzer et al. reported that acyl migration of 2-AG is limited when RP SPE 

using water and acetonitrile is employed, possibly due to 2-AG being in an aprotic 

environment in which it is stable to acyl migration [45]. Di Marzo has theorized that most 

observed 1-AG is artifactually produced during sample purification and analysis as the 

arachidonate moiety is most often found at the 2-position of diacylglycerols and 

phosphoglycerides [46].

4.2 Post-mortem considerations

The analysis of endocannabinoids and related compounds from both in vitro and in vivo 
matrices is confounded by several factors. The most obvious is the possibility of post-

mortem change in analyte concentrations following the sacrifice of an experimental animal. 
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There is necessarily a delay on the order of many seconds to minutes between the time an 

animal has been euthanized and the time the tissue of interest is fixed (fixing typically 

involves flash freezing in liquid N2 or an organic/dry ice slurry). The biochemical changes 

that occur during this ischemic period have been known to biochemists for decades. 

Cenedella et al. reported that rat brain tissue allowed to remain in situ for 5 minutes 

following decapitation contained more than double the level of free fatty acids when 

compared to tissue frozen within 1 minute of sacrifice [47]. Of special interest in this report 

is the fact that of all fatty acids surveyed, only arachidonic acid displayed an absolute 

increase as well as an increase in its relative percentage of the total fatty acids surveyed. 

Bosisio et al. reported that PGE2 and PGF2α increased during the ischemic period following 

decapitation in rat brain cortex and cerebellum [48]. Only 3 years after its discovery in vivo, 

Schmid et al. described the postmortem rise in AEA in mammalian brain tissue [34], as did 

Kempe et al. [49]. Sugiura reported a similar phenomenon with 2-AG [50]. An important 

difference between the ischemic rise of AEA and 2-AG is that AEA, and NAEs in general, 

increase gradually over a period of hours whereas 2-AG increases over 50% within 2 

minutes. Figure 5 shows post-mortem increases in NAEs (including AEA) and 2-AG. That 

other endocannabinoids and related compounds may experience similar and significant 

changes from the resting state as a result of brief ischemic conditions seems a reasonable 

assumption.

Several groups have turned to microwave irradiation to halt this ischemic rise. The efficacy 

of sacrificing experimental animals by cranial exposure to a brief, intense beam of 

microwave irradiation as a means of preventing postmortem increase in brain lipids was 

established in the 1970’s. Cenedella et al. showed that sacrifice by microwave exposure 

produced free fatty acid levels similar to those seen in rat brain tissue that was frozen within 

1 minute of sacrifice, even though the microwaved sample was allowed to remain in situ for 

5 minutes [47]. Anton et al. reported that PGE2 and TXB2 levels in murine brain tissue 

sacrificed by microwave irradiation are 5-fold lower than those observed in brain tissue from 

animals sacrificed by decapitation, where the time from sacrifice to sample fixation is 

equivalent [51]. More recently, Bazinet et al. reported that sacrifice by microwave irradiation 

prevents the ischemic rise in AEA levels in rat brain tissue [25]. Farias et al. and Golokov et 

al. showed that sacrifice by microwave irradiation prevents the ischemic rise of eicosanoid 

and docosanoid COX and lipoxygenase products in rodent brain tissue [52] [53]. These 

authors reported that the analytes of interest are stable to the heat necessarily produced by 

microwave exposure. The effect of microwave irradiation on concentrations of endogenous 

2-AG, other endocannabinoids, congener MAGs and NAEs has not been addressed in the 

literature. Nor has the stability of endocannabinoids and related compounds to microwave 

exposure. Nonetheless, sacrifice by microwave irradiation remains a potentially useful tool 

for researchers interested in determining levels of endocannabinoids in in vivo settings.

4.3 Analyte hydrolysis

The hydrolysis of endocannabinoids is another potential problem. There are many enzymes 

that serve to cleave the amide or ester bond contained in nearly all endocannabinoids. MAG 

lipase and FAAH have been reasonably well-studied but non-specific esterases and amidases 

may also contribute to analyte loss. Kozak et al. reported the half-lives of arachidonoyl 

Kingsley and Marnett Page 9

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2016 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



glycerol, PGE2-G and PGE2-EA when incubated at 37 °C in various bodily fluids (Table 3) 

[40]. There is significant interspecies variability but both PGE2-G and 2-AG display 

relatively short half-lives, on the order of minutes. Thus, care must be taken when analyzing 

endocannabinoids and related compounds from blood products. Some researchers have 

added inhibitors such as phenyl-methyl-sulfonyl-fluoride (PMSF, a serine hydrolase blocker 

and FAAH inhibitor) to whole blood immediately upon collection [54] or to tissue 

preparations used for Ki determinations [55].

5. Summary

As the increasing complexity and relevance of the endocannabinoid system becomes 

apparent, reliable and sensitive analytical techniques are crucial to the continued elucidation 

of this important signaling regime. State-of-the-art techniques of analytical biochemistry 

allow for the analysis of individual analytes at very low levels as analytical methodologies 

with low fmol-on-column sensitivities exist. However, given the intra-organ and even 

intracellular variances of proteins relevant to the endocannabinoid system, greater sensitivity 

is desirable as sample amounts necessary for mechanistic elucidation become ever smaller.

While traditional GC- and LC-MSn analyses can be utilized to investigate several 

compounds in a single analytical injection, ultimately global analytical approaches able to 

detect changes in the entire endocannabisome will most likely yield superior data regarding 

the function of the endocannabinoid system. Saghatelian and Cravatt have described such a 

technique – termed discovery metabolite profiling or DMP [56,57]. Briefly, the total lipid 

extracts of an organ of interest are generated from wild-type and enzyme-impaired animals 

and analyzed via LC-MS. The resulting profile is compared and differences between the 

experimental groups indicate the in vivo role of the enzyme in question. Saghatelian et al. 

[56] used this to identify N-acyl-taurines as a broad class of substrates for FAAH. It is the 

coupling of established bioanalytical techniques discussed in this review with novel 

experimental design and data collection strategies that are global in scope, such as DMP, 

which hold the greatest potential for gaining a more complete understanding of the complex 

endocannabinoid system.
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Nomenclature

2-AG 2-arachidonoylglycerol

2-LG 2-linoleoylglycerol

AEA anandamide

APCI atmospheric pressure chemical ionization

CB1(2) cannabinoid receptor 1 (2)

CI chemical ionization
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COX cyclooxygenase

EI electron ionization

ESI electrospray ionization

FAAH fatty acid amide hydrolase

GC gas chromatography

HPLC high-performance liquid chromatography

LOD limit of detection

MAG monoacylglycerol

MS mass spectrometry

NAE N-acylethanolamides

NP normal phase

ODS octadecylsilyl

OEA oleoyl ethanolamide

PEA palmitoyl ethanolamide

PG prostaglandin

PG-EA prostaglandin ethanolamide

PG-G prostaglandin glycerol ester

RP reverse-phase

SIM selected ion monitoring

SPE solid phase extraction

SRM selected reaction monitoring
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Figure 1. 
Scheme for the DBD-COCl derivatization of AEA and 2-AG from Wang et al. [30] (note: 

the abbreviation “ANA” in the figure refers to anandamide).

Kingsley and Marnett Page 14

J Chromatogr B Analyt Technol Biomed Life Sci. Author manuscript; available in PMC 2016 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Structures of common derivatives for 2-AG (top left) and AEA (top right).
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Figure 3a
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Figure 3b

Figure 3. 
Comparison of LC-MS detection of AEA and 2-AG (as [M+Ag]+ ions) via SRM (left) and 

SIM (right) after extraction and purification from murine brain tissue. Chromatograms from 

top to bottom show AG, AG-d8, AEA and AEA-d8, respectively [24].
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Figure 4. 
LC-MS/MS chromatogram of virodhamine, AEA and AEA-d8 after extraction and 

purification from rat brain tissue [9].
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Figure 5a
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Figure 5b

Figure 5. 
Graphs showing post-mortem increases in 2- and 1-AG (top left (A) and top right (B) 

respectively) [50] and AEA (20:4n-6, bottom (inset)) [34] in mammalian brain tissue.
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Table 1

Structure of current endocannabinoids.

References given in italics in the left-hand column.

Note: the epoxide oxygen in R2 may be between carbons 11 and 12 (shown) or between carbons 14 and 15.
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Table 3

Half-Lives of arachidonoylglycerol, PGE2-G and PGE2-EA in various mammalian fluids [39].

Compound Fluid Half-Life

PGE2-G Rat plasma 14.4 s

PGE2-G Human plasma > 10 min

PGE2-G Human whole blood 7 min

1-AG Rat plasma 0.8 min

1-AG Human plasma 8 min

2-AG Rat plasma 1.0 min

2-AG Human plasma 16 min

PGE2-EA Rat & human plasma > 5 h

PGE2-G & -EA CSF* > 5 h

*
Bovine, canine and human CSF tested.
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