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1.1 Lipidomics

Membrane lipids have emerged as crucial regulatbrenany
biological processes. In addition to their contibo to cellular
architecture, and the regulation of membrane prstdly protein-lipid
interactions, membrane lipids have a key functiom cellular
communication as precursors of hundreds of sigmalinolecules. A
disruption in lipid signalling processes has beemanstrated in a number
of human pathologies. Lipidomics is focused on fifiging alterations in
lipid metabolism and lipid-mediated signalling pesses that regulate
cellular homeostasis during health and disease. @pproach of
lipidomics, or study of the lipidome, is the larggale identification of
cellular lipids and quantification of alteratiomslipid classes, subclasses,

and individual molecular species present in a tislsue or bodily fluid

[1] [2] [3,4].

The scope of this thesis is the study of the eadoabinoidome
and its relation to human health. The endocannatonee is constituted
by a family of endogenous bioactive long-chainyfattid ester or amide
derivatives historically related to the phytocarinald A9-
tetrahydrocannabinol AQ-THC), a psychoactive lipid present in the

marijuana planf5].
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1.2 Endocannabinoids

1.2.1 History of endocannabinoids research.

The resin of the flowering marijuana plar@annabis
sativa, has been used since ancient times for recreatiwh religious
purposes as well as medicijé]. The earliest use of cannabis as a
medicine is attributed to the legendary Chinese é&mpShen Nung, the
father of Chinese traditional medicine, who is tjiouto have lived
around 2700 B7]. In the early 20 century advances in chemistry
allowed to isolate and synthesize the active ingred of medicinal
plants, and the first plant cannabinoid -named abmol- was isolated.
However, it was not until 1964 with the isolatiomdastructure elucidation
of A9-THC, responsible for its psychopharmacologictda$, and later in
the 1990s with the discovery of the cannabinoiegpears CB1 and CB2
and the characterization of endogenous lipid ligaofithese receptors,
the endocannabinoids (eCBs) anandamide (AEA) and 2-
arachidonoylglycerol (2-AG) Rigure 1), that the existence of an
endogenous cannabinoid system could be postulf@gd Key later
achievements in the understanding of the endocamrid(eCB) system
have been the discovery of the first CB1 antagor8&141716A
(rimonabant), the discovery of retrograde signaliggeCBs, the cloning
of eCB biosynthesizing and degrading enzymes, ed siynthesis of

potent inhibitors of these enzymigq.
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A% tetrahydrocannabinol (THC)

N-arachidonoylethanolamine (AEA)

Figure 1. Structure of A9-THC and the endocannabinoids 2-
arachidonoylglycerol (2-AG) and N-arachidonoylethawlamine
(AEA).

1.2.2 The endogenous cannabinoid system

The eCB system comprises (i) at least two G pmeteupled
receptors (GPCR), known as the cannabinoid typ€H1) and type 2
receptors (CB2); (ii) the endogenous ligands of¢heeceptors, known as
the eCBs 2-AG and AEA (or anandamide); and (iiipsyinthetic and
degradative enzymes and carriers that regulate le@s and action at
these receptor§9,10]. Both CB1 and CB2 receptors are coupled to G
protein type Gi/o, and less frequently to the Gad#ide. It is through this
coupling that they mediate stimulation of mitogethaated protein
kinases (MAPKSs) and inhibit adenlylyl cyclase, atlic AMP-protein
kinase A (PKA) signaling. Only in case of CB1 retwep, the coupling to
Gi/o inhibits voltage-gated calcium channels (VGELGmnd stimulates

inwardly rectifying K channelg11].



INTRODUCTION

1.2.2.1 Biosynthesis and inactivation of endocanhenoids

The eCBs 2-AG and AEA are lipid-signaling moleculeserated
“‘on demand” from membrane phospholipids after aiinulation by
calcium-dependent lipases. ECBs are local mediatodstheir actions are
terminated after uptake and subsequent intracelludsnzymatic
degradation. 2-AG and AEA are also called ester andde eCBs,

respectively, and they originate from very diffarbiosynthetic pathways.

The biosynthesis of 2-AG is done by sequential blydis of
phosphatidylinositol 4,5-bisphosphate (BIRhat is cleaved from the
membrane by phospholipas§ (PLCB) to yield the second messengers
diacylglycerol (DAG), with arachidonic acid in th2-position, and
inositol triphosphate (. Next, diacylglycerol lipase alfa or beta
(DAGLo, DAGLP) hydrolyses DAG to 2-AG and a free fatty acid. The
hydrolysis of 2-AG to free arachidonic acid andoglsol is done by the
monoacylglycerol lipase (MAGL) but other serine toldses as the/p
hydrolase domain 6 (ABHDG6) and 12 (ABHD12) are alseolved to a
lesser extent on its degradatida0,12]. Alternative 2-AG biosynthetic
routes are also possible. DAG can be originatenh fpiosphatidic acid
instead of PIPby the action of a phosphatase actiyitg]. 2-AG can be
originated by action of G&independent phospholipase Al (P)Ahat
hydrolyzes PIRto lysophosphatidylinositol (LysoPl), which is hptized
by a LysoPI-PLC to yield 2-AG14]. Whether these alternative routes are
relevant for 2-AG biosynthesis is not known. 2-AGle organism is also
originated from an additional source. 2-AG and otBeacylglycerols
accumulate in the intestinal lumen from the hydsmyby pancreatic

lipase of dietary triacylglycerold 5](Figure 2) .
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Figure 2. 2-arachidonolylglycerol (2-AG) biosynthetic and
degradation pathways Phospholipase € (PLCB), diacylglycerol lipase
(DAGL), monoacylglycerol lipase (MAGL)

The biosynthesis of AEA is less understood thanbibsynthesis
of 2-AG. The precursors of AEA are the N-
arachidonoylphosphatidylethanolamines (NAPESs), tiie formed from
the transfer of arachidonic acid from the sn-1 (osi of
phosphatilcholine to the primary amine of phospmhd¢ithanolamine by
calcium dependent or calcium independent N-acyfexase activity
(NAT). The most known biosynthetic route is theedir hydrolysis of
NAPE by a phospholipase D-type activity (NAPE-PLIEA is then
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degraded to free arachidonic acid and glycerol Hey fatty acid amide
hydrolase (FAAH)[10,16] (Figure 3). However, parallel biosynthetic
routes have been described and they involve mesabadf NAPE to
other intermediates before being metabolized to AEAecond route is
regulated by the alpha/beta-hydrolase 4 (ABHD4)at tlyenerates
glycerophosphoanandamide, and the subsequent gkavaf
glycerophosphate by glycerophosphodiesterase (GREfjoduce AEA,
a third route is by action of phospholipase C tonggate
phosphoanandamide, which is then dephosphorylajedhé tyrosine
phosphatase N22, and a fourth route is by actiophoBpholipase Ato
generate lysoNAPE, which can then be hydrolyzed Iy
lysophospholipase D activity to produce AEA. Thedernative routes
may substitute for one another since mice lackid®PE-PLD do not

show reduced basal levels of AE20,16].

ECBs are derivatives of arachidonic acid (AA) ahdstthey are
potential substrates of the enzymes of oxidativetabraism [17].
Cyclooxigenase 2 (COX-2), an enzyme that plays & kaele in
inflammatory processes and initiates the metabolisfn AA to
prostaglandins (PGs), is able to metabolize AEA 2r8G to PGH
ethanolamide and PGHglycerol ester, respectively. Following the action
of PG synthases, the amides and esters of thespomding PGs are
formed. These compounds are bioactive and exdrt iiwogical effects
through receptors that have not been fully idesdif[18]. The dual
metabolism of AEA and 2-AG, which are subject taltojysis to AA by
specific lipases and the oxidative metabolism abéid by COX-2,
illustrates the crosstalk between eCB and eicogasighaling pathways.
Notably, eCB hydrolysis yields free AA. It has beshown that the
enzymes responsible for eCB biosynthesis and clidaboontrol also the
production of AA and eicosanoids that lead to imitaation[19,20].
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1.2.2.2 Endocannabinoid  modulation of  synaptic

transmission

ECBs are neuromodulators that maintain the horasissbf the
central nervous system. The neuromodulatory aigsvitof the
endocannabinoid system are involved in many huntgrsiplogical and
pathological functiong21-27]. ECB modulation of synaptic function is
done by activation of the CB1 receptor, which is thost abundant GPCR
in the mammalian central nervous system. CB1 esmrgs particularly
high in cerebellar and cerebral cortex, basal ganglfactory-associated
structures, hippocampus, amygdala and the ventiambgpothalamus.
The psychoactive effects afo-THC are also mediated by the activation
of this receptor. CB1 brain distribution is consigtwith known effects of
eCBs and exogenous cannabinoids on learning, rewahory, anxiety,

pain, cognition, appetite, and motor functi¢fd 0,28].

ECBs modulate synaptic transmission by inhibiting release of
excitatory or inhibitory neurotransmitters. Thenaipal mechanism by
which eCBs modulate synaptic function is retrogradgnaling.
Neurotransmitter release to the post-synaptic temileads to the
biosynthesis of eCBs in the post-synaptic termihat move backward
across the synapse by an unknown transport mechaaigd bind to pre-
synaptic CB1-receptors that suppress neurotraregmidlease. 2-AG is
the eCB involved in retrograde signaling. The pattir architecture
throughout the central nervous system of the Oistion of biosynthetic
DAGL in postsynaptic terminals and degrading MAGL pre-synaptic
terminals system supports this thedrjg(re 4). The role of AEA in the
eCB modulation of synaptic transmission is lesarclEAAH, the enzyme
that inactivates AEA is located in post-synaptiori@als, associated to

intracellular membrane organelles. Thus AEA canascan anterograde

8
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signal or as an intracellular mediator. Further AAE a partial agonist of
CBL1 receptor, while 2-AG is a full agonist. The ambof 2-AG in the

brain is approximately 200 times higher than AEAAAIs also agonist of
the transient receptor potential vanilloid typehhrnel (TPRV-1), which
can modulate synaptic function in the brgii,29].[26]. In addition,

there seems to be crosstalk in AEA and 2-AG bidstit and signaling
pathways so it is difficult to dissect AEA from 2=Afunction[30].
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Figure 4. 2-arachidonoylglycerol (2-AG) modulation of synaptt
transmission. Glutamate released from excitatory presynaptic it causes
Ccd" influx through both AMPA-type glutamate receptof@MPARs) and
voltage-gated Ca-channels (VGCCs), and/or activation of metabotopi
glutamate receptor 1 (mGIuR1) or mGIluR5, both ofclwhinduce 2-AG release.
Activation of mGIluR1 and mGIuRS5 stimulates phosptede @G (PLCB) to yield
DAG. DAG is converted to 2-AG by DAG lipase(DAGLa). The released 2-AG
from postsynaptic terminals can act on CB1 recaptioat are located either on
the presynaptic terminals releasing glutamate (leymaptic terminals) or on
neighboring terminals (heterosynaptic terminalghaigh these neighboring
terminals can be either inhibitory or excitatorylyothe former type is shown).
The activation of CB1 in homosynaptic or in hetgraptic terminals suppresses
neurotransmitter release. The former process isccattrograde signaling. 2-AG
is degraded to arachidonic acid (AA) by monoacyglpl lipase (MAGL).
Notably, receptor-driven PLCstimulation is dependent on £and is enhanced

when combined with an increase in intracellulaf*Gavels. C&" influx through

10
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VGCCs stimulates an unidentified enzymatic pathy@gnoted by a question
mark) to produce diacylglycerol (DAGNat Rev Neurosci 2015;16; 264-277.

1.2.2.3 Peripheral endocannabinoid system

The eCB system is not only present in the cenegalous system
but it is also found in the periphery. The CB1 moe is expressed in
peripheral nervous tissue, and in somatic tisskesadipose tissue, liver,
pancreas, skeletal muscle, and gut where eCBsraduged and where
they control lipid and glucose metaboligAl]. The CB2 receptor is also
called the peripheral cannabinoid receptor ansl @xipressed primarily in
cells of the immune system, in all cell subtypeB2@s a potent regulator
of immune responsef32]. CB2 is also found in the central nervous
system in microglia cells, where it is over-expegss neuroinflammation
[26].

1.2.3 The endocannabinoidome

AEA and 2-AG belong, respectively, to two familiesf
compounds N-acylethanolamines (NAEs) and 2-mongamgrols (2-
MGs) (Figure 5). The NAEs and 2-MGs of all natural long-chaintyfat
acids other than arachidonic acid, such as olailmitic, stearic, linoleic,
or docosahexaenoic acids are biosynthesized acthiaed by the same
pathways than AEA and 2-AG respectivéhs] [34]. However, many of
these compounds cannot be considered true eCBs &iag do not bind
to CB1 or CB2 receptors, and they are called ek8-dir cannabimimetic
compounds. Polyunsaturated NAEs from the n-6 fadtg series C20:3 n-
6 (N-di-homoy-linoleoylethanolamine, DGLEA), and C22:4 n-6 (N-
docosatetraenoylethanolamine, DEA) are putativeses§iBce they have a
similar binding affinity for the CB1 receptor th&?20:4 n-6 (AEA)[35]

11
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[36]. However, the biological relevance of DGLEA and D& not
known. Polyunsaturated NAEs from the n-3 fatty asédies C20:5 n-3
(N-eicosapentaenoylethanolamine, EPEA), and C22:63 nN-
docosahexaenoylethanolamine, DHEA) can bind taCiB& and the CB2
receptors but with a lower affinity than AEf36]. Their biological
significance is also unknown. NAEs derived fromslessaturated fatty
acids C18:2 n-6 (N-linoleoylethanolamide, LEA), CI8n-9 (N-
oleoylethanolamine, OEA), C16:0 (N-palmitoylethaamalne, PEA) and
C18:0 (N-stearoylethanolamine, SEA) do not bind GB1 or CB2
receptors but they are bioactive at other recept@annabimimetic
compounds may also enhance the activity of AEA @4G by
competition with inactivating enzymes or carriesntburage effect)
[37,38]. The most studied of the cannabimimetic compowrgsOEA,
that has anorectic effects, and PEA that has afiémmatory effects.
OEA and PEA display their biological activities bgctivation of
peripheral peroxisome proliferator-activated reoepipha (PPAR)
[39,40] [41]. AEA is also agonist of PPAR42]. PPARx belongs to the
superfamily of nuclear hormone receptors. PRAgRa transcription factor
that binds to DNA and leads to the transcriptiontarjet genes upon
ligand activation. PPA& is highly expressed in metabolically active
tissues, such as liver, heart, skeletal musclesimal mucosa and brown
adipose tissue. This receptor is involved in thgulation of fatty acid
catabolism and inflammatory processis,44]. AEA and 2-AG are
agonists of peripheral peroxisome proliferatorxatgd receptor-gamma
PPARy, which is another isoform of the peroxisome peshftor-activated
receptor[42]. PPAR is highly expressed in adipocytes and it playgw k
role in the regulation of adipogenesis and lipidslgnthesig43]. OEA,
PEA, LEA, 2-oleoylglycerol (2-OG) and other 2-MGseaagonists of
GPR119. The activation of this receptor stimulates release of
glucagon-like peptide 1 (GLP-1) in the intestif#5,46]. GLP-1 is an
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incretin involved in glucose homeostasis and satidéd7]. OEA has the
highest affinity for GPR119, but the endogenousnéye of this receptor
remain to be elucidated. It is becoming clear thateCB system seems to
interact with several other endogenous systgi$ AEA, in addition to
be an agonist of CB1, CB2, PPARand PPAR is an agonist of the
vanilloid receptor 1 (TPRV-1). AEA may be considkrea dual
endocannabinoid/endovanillo[d8,49]. TPRV-1, or capsaicin receptor 1,
is a non-selective cation channel that acts prignas pain sensor in the
periphery but also modulates neurotransmitter seleand synaptic
plasticity in the brain[29]. Capsaicin, an active component of chilly
peppers is agonist of TPRV-1, and its ingestiondpoes a burning
sensatiorf50]. In the gut TPRV-1 has a key role in pain andaimimation
by modulating the release of anti-inflammatory og@eptides and other
signaling molecule$51]. The orphan receptor GPR55, discovered by an
“in silico” approach, has been considered a pos$ihil” eCB receptor.
AEA, PEA, and with a lower affinity OEA, can bind GPR55[52]. A
lysophosphatidylinositol (LysoPI) lipid, 2-arachitwyl-sn-glycero-3-
phosphoinositol, which is a possible precursor A& may be the
endogenous agonist of this recefdt®3]. It is questionable, however, that
GPR55 can be a real eCB receptor due to the lonedeg similarity with
the aminoacid sequence of CB1 and CB2 receptorshendata regarding
the signaling cascades of CB1, CB2 and GPRB% [54].

The endocannabinoidome has been expanded in thénesty
years with the isolation in tissues of other bioa&ctatty acid derivatives
related to eCBs: i) acyl amides of aminoacids éipaoacids) such as N-
arachidonoylglycine; 1)) acyl amides of  catecholaes
(liponeurotransmitters) such as N-arachidonoyldapam(NADA), N-
oleoyldopamine (OLDA) or N-oleoylserotonin; iii) deatives with

different functional groups such as an ether (rinlagther), a primary
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amide (oleamide) or an ester linkage to an ethamok (virodhamine)
(Figure 5). However, the biosynthetic mechanisms, the enuoge
molecular targets and the biological significance neost of these
compounds are unresolved. Noladin ether was ilyitidentified as an
endogenous agonist of the CB1 recepi®s], and virodhamine was
identified as an antagonist of CB1 receptdt]. However, their
endogenous existence has been questioned sincestatkes have not
detected noladin ether or virodhamine in tissig558]. There has been
more luck with the acyl amides of dopamine NADA @dDA. NADA
and OLDA were identified, like AEA, as agonists thie capsaicin or
vanilloid receptor 1 (TPRV-1)59,60], and their existence in brain
tissues, although elusive due to their low leveld ahemical instability,
has been confirmed in later studiéd]. NADA also seems to modulate
synaptic function by activating both CB1 and TPR\VekLeptors[62].
NADA is also agonist of PPAR[42]. Acyl serotonins, which are a
subclass of acyl amides of catecholamine, weretifikzhin the intestinal
tract. Acyl serotonins can inhibit FAAH and thegate of GLP-1 in vitro
but their biological relevance is unknoy63]. Endogenous acyl amino
acids were identified in brain tissues and higtiligie potential large
number of lipid molecules generated by the commnaby the amide
bond of a fatty acid and an amino a¢tdt]. The biological relevance of
acyl amino acids is largely unknown. The most kn@eyl amino acid is
N-arachidonoylglycine, that is an agonist of orpl&iPR18 receptof65].
Finally, oleamide a endogenous lipid that accuneslat the cerebrospinal
fluid under conditions of sleep deprivation andttban be degraded by

FAAH, seems to modulate serotoninergic transmisgién.

In summary, the number of compounds that may be giathe
endocannabinoidome is quite large, which adds éartlomplexity to the

eCB system, already complex for the existence ofers¢ possible

14



INTRODUCTION

molecular targets for the each compound. The sadpthis thesis is
restricted to the compounds biosynthetically mefated to the true eCBs
AEA and 2-AG, which are NAEs and 2-MGs.

a) 2-acyl glycerol esters

b) N-acylethanolamines

2-arachidonoylglycerol (2-AG) N-arachidonoylethanolamine (AEA)

S ocansh

2-oleoylglycerol (2-OG)

c) N-acylcatecholamines
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OH

N-arachidonoyldopamine (NADA)

N-oleoyldopamine (OLDA)

d) acyl 2-aminoethyl esters

O-arachidonoylethanolamine (virodhamine)

f) alkyl glyceryl ethers
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2-arachidonoylglycerylether (noladin ether)

Figure 5. The endocannabinoidome
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1.3 Obesity

1.3.1 Definition of obesity. The obesity epidemic

Obesity is a condition in which the excess offfas accumulated
in the body, in such a way that it can have an es#veffect on health. An
increased consumption of highly caloric foods, withan equal increase
in physical activity, leads to an unhealthy incee@s weight. Decreased
levels of physical activity result in an energy midnce and lead to weight
gain. Body mass index (BMI) is the most frequenided diagnostic score
to classify overweight and obesity in adults, andia measure widely
used in epidemiological studies. BMI is definedaaperson's weight in
kilograms divided by the square of his/her heightrieters (Kg/rf). The
World Health Organization (WHO) defines obesity #0BMI greater than
or equal to 30 Kg/Mm and over-weight for a BMI greater than or eqoal t
25 Kg/nf [67,68]. Overweight and obesity represent a rapidly grgwin
threat to the health of populations in an incregsiamber of countries. In
2005, 33% of the world adult population was overglieor obese, and it
Is estimated that if the current trends continye2®30 up to 57.8% of the
world adult population could be either over-weight obese[69].
Overweight and obesity are the cause of a decrddsegkpectancy due
to associated comorbidities such as cardiovasditaase, non-insulin-
dependent diabetes mellitus, and cancer. ObesiBlsis associated to
mood disorders, and in westernized countries itiemra social stigma.
[67,68].
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1.3.2 Obesity, body fat and health consequences

In obesity there is an excess of body fat in ttganism. Body fat
Is accumulated in the form of triglycerides in axip tissue. Adipocytes,
which are the cells of adipose tissue, store trgligles and release free
fatty acids in response to energy demands. Adipssee is divided into
specific regional depots with differences in staat organization,
adipocyte size, and biological function. Adipossstie is also an active
endocrine tissue that regulates itself and otlssuég70]. Obesity is not
a homogeneous condition. The relative distribubbexcess fat between
these adipose tissue depots seems to be more anpahian the total
adipose tissue mass for the risk of developingibpassociated diseases.
Excess fat in the upper part of the body (centralbwiominal obesity) vs.
lower body or peripheral obesity (gluteofemoralagsociated with higher
plasma glucose and insulin, hypertension, hypeldipia, and decreased
HDL cholesterol concentrations, components of thsulin resistance
syndrome, most known as metabolic syndrome, andtitoting a cluster
of risk factors for atherosclerotic cardiovasculdisease [68,70].
Abdominal fat is composed of subcutaneous abdorfemand visceral fat
(or deep abdominal fat). Several studies have shbwat the detrimental
influence of abdominal obesity on metabolic proesss mediated by the
visceral fat depot. Lipolysis, lipid synthesis, ghse uptake and gene
expression are strongly influenced by adipocyte.strmental adipocytes
have smaller size and differential receptor expoesthan subcutaneous
adipocytes. Fat deposited intracellularly, thaeggs the adipocyte, and
the secretory products of the expanded adipocytsmehich include free
fatty acids, adipokines, and cytokines will overflothe liver and
peripheral tissues. This will affect glucose, imsulipid and lipoprotein
metabolism, which will lead to dyslipidemia, insulresistance, type 2

diabetes and an inflammatory profji&s,70].
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1.3.3 Possible causes of obesity

Obesity is the result of an imbalance between fotake and
energy expenditure. An increase in food intake dogdwith lower lipid
oxidation, lower thermogenesis or lower physicaivity may account for
this energy imbalancg’1]. The underlying causes of obesity are not well
understood since the control of body weight, essefdr the survival of
the organism, is a highly regulated process. Tipothesis of the thrifty
genotype states, however, that evolution shapddrusn environment of
food scarcity or to short intervals of food abuncamixed with large
periods of food scarcity. Those individuals betwstaped for this
environment and that efficiently metabolized andresi nutrients were
selected by evolution. Another hypothesis is thedptor hypothesis.
Archaic humans were subject to the evolutionargaf of predation that
selected individuals with a lean mass. In eithesecthe environment that
shaped our evolution for most part of human hisiergo longer present
[71]. The effects of urbanization and industrializati@mve led to lifestyle
changes such as less physically demanding workhamezed transport,
sedentarism, changes in daily food intake pattesing, changes in diet
such as the consumption of highly caloric and pssed foods, rich in
saturated fat, sugar, and salt that have createth@sogenic environment.
However, not everybody is becoming obese. There iadéviduals
protected against obesify1]. Certain human populations are more prone
to obesity than others, and a number of genotypesceted to obesity
are currently under investigation. Genes regulatmgnan adipocyte
formation and function may predispose to obefi®,73]. Obesity is a
multifactorial condition. Genetic variability andhd environmental
influence of an obesogenic environment promote dhaubstantial part of

the world population is becoming over-weight or £4§&8,69,71].
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1.3.4 Brain homeostatic and hedonic regulation obbd intake

1.34.1 Neural systems that modulate food intakend

energy balance

In response to reduced body fat stores, adaplisages occur
in neuronal systems governing both food-seekingatien (important for
meal initiation) and satiety perception (importéot meal termination).
The net effect is that in response to weight |bsgh the motivation to
find food and the size of individual meals tendirtorease until energy
stores are replenished. This regulation is so timed that every day
differences in the amount of food intake or eneegypenditure do not
translate to a change in body weight, which remé&ngely constant for
long periods of time. The defense of body weightdems equally for
normal-weight or obese individuals and explains diféculty for any

individual to lose weight once a set weight is aebd[74].

Food intake relies on our brain to obtain sensofgrmation
about a food, to evaluate for desirability and bmase the appropriate
behavior. The brain regulates appetite and drivas@ behavior by a
complex interaction of homeostatic and hedonic @sees involving
hypothalamic and cortico-limbic circuits that intage internal metabolic
signals and internal and external stimlb]. With the aid of cognitive,
visual, taste, and olfactory cues, foods are heddiyi evaluated. This is
integrated with short-term satiety signals and {@rgn adiposity signals
regarding nutritional state, and an eating behaigofollowed. During
ingestion, the palatability of food is assesseahgisaste, smell, texture,

and somatosensory informati¢n6]. This information is combined with

19



INTRODUCTION

satiety and adiposity signals and a reward valuassigned to food.
Highly palatable foods have a higher reward vahantbland foods. In
other words, the motivation to eat is higher folageble foods than for
bland foods. However, the motivation to eat is alependent on satiety
and the current energy stores. The consequendasohéuronal systems
integration is that the reward value of food isrdased with satiety and
increased with hunger and lower energy stores.owollg periods of
positive energy balance, food intake is reduceodutin both a decrease in
the rewarding properties of food and an increassganse to input from

satiety signal$77] (Figure 6).
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Figure 6. The central nervous system integrates input frongd@rm energy
stores (for example, leptin) and short-term mekdteel signals (nutrients and gut-
derived satiety signals) to regulate food intakel amergy expenditure in a
manner that maintains stable body fat stores awes.tPositive energy balance
induced by overfeeding inhibits the rewarding prtips of food while enhancing
meal-induced satiety, thereby reducing food intake.response to energy
deprivation, central nervous system adaptive resporare engaged that both
increase the rewarding properties of food and redihe response to satiety
signals, collectively resulting in increased foamhsumption until deficient fat
stores are replenished. Cholecystokinin (CCK); fedy acids (FFAs); glucagon-
like peptide 1 (GLP-1)Nat Rev Neurosci. 2014;15:367-378.
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1.3.4.2 Homeostatic modulation of food intake and

energy balance

The main brain regions responsible for the regutetif energy
homeostasis are the hypothalamus and the brain3teenhypothalamus
and brainstem receive neural and hormonal signais the periphery that
encode information about adiposity (long term sighaand acute
nutritional state (short term signals). Nutriertermselves, like glucose
and free fatty acids are also indicators of theitimnal state. Leptin,
secreted by adipose tissue, and insulin, secret@aicreas, are anorectic
hormones that circulate in blood in proportion tody fat stores. The
elevation of circulating leptin levels reduces foothke. Ghrelin is an
orexigenic hormone secreted by the stomach. Chioglaghrelin levels
increase by fasting, and fall after a meal. Reasptor these signals
include two neurochemical distinct populations oéurons in the
hypothalamic arcuate nucleus (ARC) which releaseropeptides that
have opposing effects on food intake, such as peptae Y (NPY), that
stimulates food intake @r-melanocyte stimulating hormoneNISH), that
inhibits food intake. Neural and endocrine signallom the
gastrointestinal tract have a role in short-terrgulation of appetite.
Glucagon-like peptide 1 (GLP-1) and cholecystokifiKK) are peptide
hormones released from the gut in response toematimgestion. GLP-1
and CKK are satiety signals that reduce food intakeupplying satiety
information to the nucleus of the solitary tractT@®) in the brainstem.
Satiety information is also conveyed to the bramstoy neural signals
generated on the vagus nerve by gastric distensi@meostatic and
satiety signals are integrated by direct and imtliconnections between
hypothalamic and brainstem areas. Neurons in ARegr to second
order neurons in adjacent hypothalamic nuclei, udiclg the

paraventricular nucleus (PVN) and lateral hypotimda area (LHA),
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which in turn project to the nucleus of the solitadract (NTS). In
addition, leptin acts on receptors both in the hiyalamus and the NTS.
In this regard, leptin reduces food intake in grenhancing the response
of the brain to satiety sign&l$4,77] [78].

1.3.4.3 Integration of homeostatic and hedonic pomsses

in the modulation of food intake

The integration of homeostatic and hedonic sigisaémother key
aspect in the brain regulation of food intake. Bregward circuits that
process the perception of food reward are modulégechomeostatic
signals. These reward circuits include mesolimlmpaininergic neurons
in the ventral tegmental area (VTA) that projecthte nucleus accumbens
(NAc), the hedonic hotspot, and other forebrainasréo intensify the
reward value of palatable fodd7]. The consumption of palatable food
promotes the release of dopamine in NAc. The relehslopamine in the
NAc has been associated to the motivation behawoother pleasant
natural rewards like sex or to artificial rewardseldrugs of abusg79].

In the hypothalamus dopamine release inhibits fimdake, and this is
associated with the duration of meal consumpf{@®]. Neurons in the
LHA integrate reward-related input from the NAc hviinformation
related to energy homeostasis from ARC neuronsurim LHA neurons
project to and influence the mesolimbic dopamiresyistem while also
influencing satiety perception through projectiotts the hindbrain.
Weight loss lowers plasma, insulin and leptin lsvathile increases
plasma ghrelin levels. Working in concert, thesgpomses increase the
rewarding properties of food and hence the motivatio eat through
either direct effects in the ventral striatum odiiect effects in the

hypothalamus through the LHA. Conversely, followperiods of positive
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energy balance, body weight is returned to itsdgjicially defended level
through both a decrease in the rewarding propedfesood and an
increased response to input from satiety sigrialg. Palatable foods are,
however, often consumed even after energy requitenfeave been met.
Thus, hedonic processes can override homeostalisatiety signals. It
has been postulated that the neural substrate e$itgbis a higher
sensitivity of vulnerable individuals to food rewlailOur susceptibility to
the sight, taste, or thought of foods, an enviramnfiell of food cues that
impels over-consumption, and an easy and effortessss to energy-rich
palatable foods are factors that lead to overweagiok obesity when they
are matched with reduced energy expendi{&® [82] [83]. Another
hypothesis is that obese subjects may have a dih@direward response
or anhedonia due to low dopamine activity. Obedgests would overeat
to compensate for this deficiency. This conditioaymalso be progressive.
Thus, the overconsumption of palatable food coeédlito obesity due to
neuroadaptive changes in brain reward systems, asictown-regulation
of dopamine receptof§9, 80, 82, 83,84]

1.3.5 The endogenous cannabinoid system as a hontatis

and hedonic modulator of food intake

The appetite stimulating properties o€annabis sativa
preparations have been known since ancient timeslekh cannabis users
are also very familiar with the driggcapacity to stimulate eating, which is
referred colloquially as“the munchies [8,85]. Following cannabis
smoking, users report strong cravings for, and rdensification of the
sensory and hedonic properties of food, which driteem to the over-

consumption of palatable fod®@6]. These effects are mediated hg-
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THC, the psychoactive compound present in cannatdigch activates
brain CB1 receptors. The endocannabinoids (eCBahdamide (AEA)
and 2-arachidonoylglycerol (2-AG), which are thelegenous agonists of
this receptor (section 1.2.1), are lipid mediatofs the endogenous
cannabinoid system (section 1.2.2). Following thecalery of eCBs,
eCB receptors and eCB biosynthetic and degradirgynees, it was
suspected that the endogenous cannabinoid systeid e related to the
modulation of food intake. It is now well estabkshthat the eCB system
iIs both a homeostatic and hedonic modulator of foddke. The eCB
system is thus intimately linked to our natural ivetion to eat and
enjoyment of food when hungf$7]. The orexigenic effects of eCBs are
exerted in the brain by CB1-mediated stimulatory arhibitory effects
on hypothalamic orexigenic and anorectic neuropeptirespectively; by
facilitating dopamine release in the nucleus aca@msl(NAc) shell; and
by regulating the activity of sensory and vagalefd in brainstem-
duodenum neural connections. In turn, the levelsABA and 2-AG
and/or CB1 receptors in the brain are under thérabaf leptin, ghrelin
and glucocorticoids in the hypothalamus, under dfadlopamine in the
limbic forebrain and under that of cholecystokif®KK) and ghrelin in
the brainstem. These bi-directional communicatibeswveen the eCB
system and other key players in energy balancerertbat eCBs act in a
coordinated manner to enhance food intake, paatigulafter food
deprivation.[87] [88].

The gut-brain axis has emerged as an importantufatm of food
intake. The eCB system is present in the intestineas been suggested
that the orosensory properties of fat elevate e€Rl$ in the intestine,
which reinforce fat intake via CB1 receptor actieat This effect would
be mediated by vagal afferent and efferent termifg9]. ECB-related

compounds may also have a role in the periphegulagon of food
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intake, but which is opposite to the role of tr@Bs. The most studied of
such compounds is the anorectic lipid N-oleoylettamine (OEA)[90].
OEA does not bind to CB1 or CB2 receptors andrityectic actions are
mediated by activation peroxisome-proliferatoreat@d-receptor:
(PPARy) in the gut[39]. OEA satiety effects need the participation of
afferent fibers of the vagus nerve. It has beempgsed that the ingestion
of dietary fat increases the formation of OEA ie thtestine and this is a
mechanism to regulate satiety and prolong thevatdretween successive
meals[91] [92].

1.3.6 The endocannabinoid system and obesity. InBace of
the diet on the eCB system

A sustained hyperactivity of the eCB system magtigoute to
obesity. In obesity and type 2 diabetes the perglheCB system is
dysregulated93] [94]. Circulating eCB levels are higher in obese than
lean individualg95] and circulating 2-AG levels correlate with adigpsi
and metabolic parameters such as body mass indé4l),(Bvaist
circumference, intra-abdominal adiposity and insigivels[93] [96,97].
The eCB system is also found in peripheral orgawslved in energy
balance such as liver, pancreas, skeletal musdedipose tissue where
it plays an active role in glucose homeostasidd limetabolism and
adipogenesis. The hyperactivity of the eCB systemthose organs
promotes lipogenesis, adipogenesis and the acctionulaf body fat
[85,88,98-100]. A hyperactive eCB system in obesity is related to
dyslipidemia, leptin and insulin resistarfd®1] [102]. Leptin and insulin
in turn modulate the release of eCB93]. The strong effect of the eCB
on lipid metabolism leaded to the development ofaati-obesity drug,

rimonabant, which is an inverse agonist of the €&kptor. Rimonabant
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was effective in the reduction of body weight anglighidemia but it had

to be withdrawn due to psychiatric effects (anxietyd depression).
Currently, there is no equivalent drug to fight iaga obesity and
peripheral antagonists of CB1 receptor are promisdrug targets
[10,103]. In obesity, the biosynthesis of N-acylethanolasifPEA and
OEA may also be dysregulated in peripheral tissueb as adipose tissue
and pancrea$104]. PEA is also the cannabimimetic compound more
abundant in adipocytepl05]. A recent report has shown changes in
plasma levels of AEA and PEA of morbid obese fesdialowing
bariatric surgery106].

The eCBs AEA and 2-AG are derived from arachidosaid,
which is an essential polyunsaturated fatty acidH®R) from the n-6
series. PUFA, from n-6 and n-3 series, can onlylitained through the
diet. It has been suggested that the amount and\RORtent of the food
consumed can directly influence eCBs, possiblyrfluéncing the brain
amounts of their phospholipid precursors. The dyetatake of linoleic
acid, an n-6 PUFA precursor of arachidonic acids hacreased
dramatically during the last decades and this e associated with a
greater prevalence of obesity. An imbalance indieébetween n-6 PUFA
vs n-3 PUFA could thus lead to an increase in e{©Byithesis and lead
to obesity(107,108].

1.3.7 Olfaction and eating behavior. Modulation by the

endocannabinoid system
Olfaction contributes to our food choices andreatiehavior by

participating in the hedonic evaluation of foodfieTsense of smell is

essential for human flavor perceptipi09]. The olfaction of foods can be
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divided physiologically into orthonasal and retrsala olfaction.
Orthonasal olfaction is olfaction through the em#&#r nares, and is
important for the hedonic evaluation of foods byame of food aromas.
Retronasal olfaction is olfaction of food volatildet are released during
food consumption and enter from the back of the tmdbrough the
nasopharynx. Retronasal olfaction is necessaryfleoror perception.
Compared to taste, that has five basic tastey(saltir, sweet, bitter, and
umami) humans can recognize more than 10,000 eifteéiood volatiles.
The complexity of food flavors that we can expecens thanks to
olfaction. And thus, when we refer to a food tagéealso mean retronasal
olfaction [76,109,110]. The loss of olfaction makes the food less
flavorful and enjoyable and this may alter eatirghdwvior[111]. Taste
and olfaction are altered in eating disorders. A&Rrir patients and
bulimic patients have olfactory and taste defifit2,113] [114,115]. At
the other end of the BMI spectrum, olfactory desidiave been linked to
obesity. Morbid obese individuals have a lower dlfay capacity than
moderately obese individugl$16].

Flavor perception is one of the most complex of &aorbehaviors.
Flavor involves almost all of the senses, partidylthe sense of smell,
and taste. The color, texture and somatosensoddhhties of foods also
contribute to flavor. The representation of flawehich tells us about the
pleasantness and palatability of foods is donénéndrbitofrontal cortex
(OFC), a region in the prefrontal cortfd09]. The OFC functions as part
of various networks that include regions of the raledrefrontal cortex,
hypothalamus, amygdala, hippocampus, insula/oparcul and
dopaminergic midbrain, and areas in the basal gangtluding the

ventral and dorsal striatufa17] (Figure 7).
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Figure 7. Schematic diagram showing some of the gustatofgctary, visual
and somatosensory pathways to the orbitofrontabrdiOFC), and some of the
outputs of the OFC in primates. The secondary testeex and the secondary
olfactory cortex are within the OFC. ‘Gate’ reféosthe finding that inputs such
as the taste, smell and sight of food in some bmgions only produce effects
when hunger is present. The column of brain regiookiding and below the
inferior temporal visual cortex represents braigigas in which what stimulus is
present is made explicit in the neuronal represemabut not its reward or
affective value, which are represented in the tiextof brain regions, the OFC
and amygdala, and in areas beyond these. Medidtoptal cortex area 10
(Medial PFC area 10); ventralposteromedial thalamicleus (VPMpc); V1,
primary visual cortex (V1); visual cortical area \(¥4); pregenual cingulate
cortex (PreGen Cing)nt J Obes (Lond). 2011;35:550-561
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The OFC receives sensorial inputs of the five atassnsory modalities:
gustatory, olfactory, somatosensory, auditory aisdial. It also receives
visceral sensory information. This informationh&m available for multi-
modal integration and encoding of the reward valighe stimulus. The
combination of these stimuli and the learned assiotis between them,
for instance taste-smell interactions, color andute of consumed foods
and its postingestive consequences contributeatmifl This integration
also allows that food eaten to satiety will havdueed flavor pleasantness
representations in the OFC. The neuroanatomicaleivity of the OFC
makes it a unique nexus for sensorial integratitve, modulation of
autonomic reactions, and participation in learnjprgdiction and decision
making for emotional and reward-related behavidtse representations
of the reward value of foods in the OFC can alsonmdulated by
cognitive factors and attention to the affectivegarties of food. All these
neural systems are the neural substrates for airatddity of foods, the
motivation to eat and the inhibitory control of tbimtake

[76,109,117].

Olfaction influences both appetite and satietydmhans[118]. A
high reactivity to olfactory food cues has beeneobsd in over-weight
children [119]. Food-related odors activate brain reward circditsing
hunger, and the more active areas are differentbigse and normal-
weight subjectd120]. Converging evidence suggests that the olfactory
system is intimately linked to neural systems tlegulate food intake by
acting as a sensor of the metabolic sfa®l]. This is supported by the
presence in the olfactory bulb of receptors of ssvé&ormones and
neuromodulators that regulate food intake, amomgnthinsulin, leptin,

ghrelin, orexin or endocannabinoid21].
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The endocannabinoid (eCB) system promotes eatinfpsted
mice by enhancing the sense of smell. The decrieasdor threshold is
mediated by eCB modulation of synaptic transmissionthe main
olfactory bulb[122]. This important finding raises issues regarding th
role of odor perception in eating behavior and dpe#s reviewed by
Kirkham [86], exogenous and endogenous cannabinoids stimuwate f
intake by increasing the motivation to eat and byplfying the
palatability, or orosensory reward of food. Admirasion of the
cannabinoidA9-THC improves taste and smell and the enjoymeifibvad
in cancer patientgl23]. In obesity, the central and peripheral eCB system
becomes over-activg95] [88]. Peripheral signals that regulate food
intake like insulin, leptin or ghrelin that intetagith the eCB system and
which are also altered in obesift03] seem to modulate olfactory
sensitivity [121,124-126]. It is noteworthy that obese Zucker rats
deficient in leptin signaling exhibit heightenednsitivity to olfactory
food cueq125].

1.4 Evaluation of olfactory function. Relation to

cognitive function

Olfaction has two components, detection and péiaepOdor
perception, which includes odor discrimination axlbr identification, is
much more complex than odor detection and it néleedsprocessing of
higher-order cognitive brain areas. First, the adts are detected on the
nasal epithelium by olfactory receptor neurons (QPREach ORN
expresses just one receptor subtype out of apped&lyn350 receptors in
humans. A single odorant can bind to multiple réaegubtypes and a
single receptor can bind to multiple, different matds. This allows the

formation of and odor pattern. Second, the inforomatis sent and
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processed in the brain. Axonal projections of ORM#®verge in the
olfactory bulb glomeruli and form synapses with thendrites of mitral
and tuffed cells. Axonal projections from thesdscale conveyed via the
lateral olfactory tract and terminate on severadaar of the primary
olfactory cortex, which include the anterior olf@agt nucleus, olfactory
tubercle, piriform cortex, amygdala, and entorhicaktex. From the
primary olfactory cortex odor information is relayt other brain areas.
Differently to other senses that need the thalanelesy, the olfactory
sense is unique since it is the only sense thaa lagct connection to the
higher cognitive centers of the brain. The olfagtdulb has direct
connections to the piriform cortex. The piriformrex and the amygdala
both project to the orbitofrontal cortex (OFC) whiwith the amygdala is
involved in emotion and associative learning (Figuf), and to the
entorhinal/hippocampal system which is involvedldng-term memory
including episodic memory127-129] [130]. In all humans olfactory
function decreases gradually with g§d81,132]. Olfactory dysfunction is
involved in several neurodegenerative diseases$, asi®arkinson disease
and Alzheimeis disease[133]. It has been observed that cognitive
performance in executive functioning, semantic mgmand episodic
memory contribute significantly to odor discrimiimet and odor
identification performance, while cognitive fact@® less related to odor
threshold capacity[134]. Patients with early stages of Alzheiriser
disease, a neurodegenerative disorder charactebyed progressive
memory loss and cognitive debilitation, exhibitqeptual deficits in odor
identification due to disruption of odor quality ding in the piriform
cortex [135]. The evaluation of olfaction capacity, particwanvith
regard to the domains of olfactory discriminatiomda olfactory
identification can be used for early diagnosis ofldmcognitive
impairment and Alzheimé&s diseas¢136]. The Sniffif Sticks test, which

is a commercial test validated for the evaluatibrodor threshold, odor
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identification, odor discriminatiof137], is currently the most widely

used test for the evaluation of olfactory functiommedical practice.

1.5 Methodological issues for the quantification of

circulating plasma endocannabinoids

Circulating plasma eCBs are considered biomarsktise state of
the eCB system. A number of publications have bdevoted to the
analysis of eCBs in plasma, and an effort has tBcdieen made to
establish reference intervals for five eCBs in harplasmg138]. As the
chemistry and biology of eCBs are better understtuete is the need to
improve measurements in human plasma through greaetrol of
factors that introduce variability. At present, sufactors still limit the
inter-changeability of EC plasma concentrationsnfrdinical studies. It
has already been established that the chemicakprep of eCBs, with
respect to their stability during analytical proasgs (extraction solvents,
pH conditions, and evaporation of organic solveats) their absorption
by glassware and plastic materials, are very relkefactors to take into
consideration. A comprehensive review has proviaédll discussion on
these issuepl39] and several analytical methods have already taken
account these factor$138,140].Discrepancies amongst laboratories
probably originate from pre-analytical sample precoent protocols and

compound-specific factors.

Concerning biological matrices, eCBs are unstabteose where
enzymes are involved in their synthesis and clesramNevertheless,
accumulated experience suggests that the incorporaitf unspecific
enzyme inhibitors of amidases, esterases and pedegasuch as

phenylmethylsulfonyl fluoride (PMSF), to sample leotion tubes is not
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justified. However, blood containing tubes not cémged immediately in
cold conditions after withdrawal may cause artifiatt exaggerated N-
acylethanolamine concentrations due to ex-vivo asde of from
erythrocytes or leukocyteld 38]. Additionally, it has been reported ex-
vivo synthesis of 2-AG for plasma preserved at raemperature and
abundant 2-AG/1-AG isomerization or acyl-migratigfigure 8) due to
sample analysis conditions. In aqueous solution@-isbmerize to 1-MG
[138,140].

2-arachidonoylglycerol (2-AG) 1-arachidonoylglycerol (2-AG)

Figure 8. Acyl-migration (isomerization) of 2-arachdonoyl glycerol
(2-AG) to 1-arachidonoyl glycerol (1-AG)

Both the issue of acyl migration (or isomerizati@nd the ex-
vivo generation of eCBs from blood or plasma ar@artant factors to
take into consideration to be able to use plasn@o@mnabinoids as
biomarkers for clinical and translation studies. degards to acyl
migration, only the isomer 2 is bioactive. ECBs g@ted ex-vivo from
blood or plasma also do not have biological sigaifice. These issues

comprise one of the objectives of this thesis.
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2. OBJECTIVES

The foundation of this thesis started with theatiom in 2006 of
the Spanish Biomedical Research Centre in Physiofmgy of Obesity
and Nutrition (Centro de Investigacion Biomédica dRed de
Fisiopatologia de la Obesidad y Nutricion: CIBERQbnN

www.ciberobn.com), a public research consortiunBERObN gathers 25

research groups from different Spanish Hospitalsivérsities and
Research Centers. The CIBERObn mission is to prentbetter
knowledge about the mechanisms contributing to ibbdevelopment in
order to reduce its incidence and prevalence, dt ageits medical
comorbidities. In addition, CIBERObnN is interestad eating disorders
(anorexia, bulimia...). CIBERODbnN is structured inte@entific programs.
The program that concerns this thesis is the Pdirdéegnition and
environmental-biological factors. The basis of {iegram are the studies
of genetic and psychiatric comorbidity that suggdsit an underlying
neurocognitive pathology is present in extreme wegtuations, either in
eating disorders such as anorexia nervosa thatrgieeo malnutrition or
to extreme weight situations associated to obeSihys neurocognitive
pathology is probably related to emotional and reMmocesses of eating
behavior. The approach of this project is the rdirfiensional study of the
environmental, neuropsychological and biologicaltdes associated to

extreme weight situations.

The endocannabinoid (eCB) system is a cruciallagguof many
pathophysiological processes, which include pairiedy and obesity.
The eCB system is a key modulator in the homeastatid hedonic
aspects of food intake, and thus a biological factanterest for the study

of obesity. The scope of this thesis is the stulg©Bs and eCB-like
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compounds, which are endogenous esters and amfdeatwral fatty

acids, and its effects on health. The main objestif this thesis are:
To develop and validate analytical methodology tbe
guantification of eCBs and eCB-like compounds taibed as

biomarkers in clinical and translational studies.

Il. To evaluate the interaction between the eCB systéattory

capacity and obesity.
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3.

HYPOTHESES

In this thesis we considered the following hypo#ses

a)

b)

Endocannabinoids are under evaluation as biomardemsimber
physiopathological conditions. The lack of intenoheability of
endocannabinoid concentrations in biological masjdimit their
usefulness in clinics and translational research. oVercome
these problems researchers should take into aceonnmber of
ISsues concerning sample procurement, preservgir@cessing
and analysis. The artefactual monoacylglycerols $MG
generation, the chemical isomerization of MGs imspia and the
artefactual generation of N-acylethanolamines (NAi&sblood
are some of the challenges to be confronted.

Increasing subject’'s BMI has been associated tacitefin
olfactory  capacity. Olfaction is modulated by the
endocannabinoid system, as this system enhancesetise of
smell in animal models. It is expected that in exte weight
categories there is an association between BMActify capacity

and endocannabinoids.
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4.1 Quantification of circulating plasma

endocannabinoids

4.1.1 Chemicals, standards and laboratory material

Ammonium acetate (Am. Ac.), acetic acid, tert-humyethyl-ether
(TBME), acetonitrile, and formic acid (FA) were fnoMerck (Darmstadt,
Germany). 1-arachidonoyl glycerol (1-AG), 1l-aradhmdyl glycerol-d5
(AG-d5), 2-arachidonoyl glycerol (2-AG), 2-arachibyl glycerol-d5 (2-
AG-d5), 2-arachidonoyl glycerol-d8 (2-AG-d8), 2dieoyl glycerol (2-
LG), 1-linoleoyl glycerol (1-LG), N-arachidonoyl leinolamine or
anandamide (AEA), N-arachidonoyl ethanolamine-d4EAAd4), N-
arachidonoyl ethanolamine-d8 (AEA-d8), N-docosattoyl
ethanolamine (DEA), N-dihomp-inolenoyl ethanolamine (DGLEA), N-
docosahexaenoyl ethanolamine (DHEA), N-docosaheyden
ethanolamine-d4 (DHEA-d4), N-linoleoyl ethanolamingEA), N-
linoleoyl ethanolamine-d4 (LEA-d4), N-palmitoyl ettolamine (PEA),
N-palmitoyl ethanolamine-d4 (PEA-d4), N-palmitoléogthanolamine
(POEA), N-oleoyl ethanolamine (OEA), N-oleoyl etbéamine-d4
(OEA-d4), N-stearoyl ethanolamine (SEA),oNinolenoyl ethanolamine
(a-LEA), and N-eicosapentaenoyl ethanolamine (EPEAgrewfrom
Cayman Chemical (Ann Harbor, MI). 1-oleoyl glyce(@-OG) and 2-
oleoyl glycerol 2-OG were from Sigma-Aldrich (Solis, MO). 1-oleoyl
glycerol-d5 (1-OG-d5) and 2-oleoyl glycerol-d5 (Z5€I5) were from
Toronto Research Chemicals (North York, ON, Canadg)PI
hydrochloride [CAS 939055-18-2], D609 [CAS 8337380 edelfosine
[CAS 77286-66-9] and GSK 264220A [CAS 685506-42w@re from
Tocris Bioscience (Bristol, UK). Orlistat (tetrahgfipstatin) was from
Cayman Chemical (Ann Harbor, MI). KT172, KT109 aR#iC 80267
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[CAS 83654-05-1] were from Sigma-Aldrich (St. LouldO). KIMAX 16
x 125 mm screw cap glass borosilicate tubes wemm fiKimble Chase
(Mexico). Nunc 1.8 mL cryotube vials were from Timer Fisher
Scientific (Roskilde, Denmark). Ultrapure deionizedter was produced

by a Milli-Q Advantage A10 system from Millipore @drid, Spain).

The purity of the N-acylethanolamine (NAE) stam$arAEA,
DEA, DGLEA, DHEA, DHEA, LEA, PEA, PEA, POEA, POEAEA,
and SEA was >98 % as provided by the manufact@arity of the
monoacylglycerol (MG) standards 2-AG, 1-AG and 2-W&s >95%; and
for 2-OG > 94%, 1-OG >99%, and 1-LG > 90%, respetyi The 2-MG
standards were a combination of 90% isomer 2 add sdmer 1. The
isomeric purity of the MG standards and their dextel analogs was
verified by injecting the individual standard sdabuis into the LC/MS-MS
system with the following results: 91.2% 2-AG, 96.2-AG-d5, 100% 1-
AG, 100% 1-AG-d5, 97.3% 2-OG, 94.3% 2-OG-d5, 100%@, 88.0%
1-OG-d5, 98.7% 2-LG, 100% 1-LG. The isotopic punfythe deuterated
analogs of NAEs and MGs was > 99% for all compourtsck and
working standard solutions were prepared in actieniand stored at -
20°C. Whilst working standard solutions of up to Ag@'mL were stable
for protracted periods of time, a limited solulyiliivas observed at a
higher concentration (1 mg/mL) of stock solutions saturated and
monounsaturated NAEs and MGs after conservation28tC. Two
mixtures of internal standard (ISTD) were used:DSTix 1 prepared at
0.01 pg/mL AEA-d4, 0.01pug/mL DHEA-d4, 0.02ug/mL LEA-d4, 0.04
ug/mL PEA-d4, 0.04ug/mL OEA-d4, 0.2ug/mL 2-AG-d5, 1ug/mL 2-
0OG-d5, and ISTD mix 2 prepared at ju@/mL 2-AG-d8, 0.25ug/mL
AEA-d8. The two mixes of ISTD were spiked into glasma samples at
a fixed volume of 25iL. The structures of the eCB analytes (NAEs and

1/2-MGs) and deuterated analogs are representédunes 9and10.
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4.1.2 Human subjects

Three human male volunteers were recruited foptioeurement
of fresh blood samples following protocol MUESBIQL(‘Protocol for
the collection of biological samples for biomedicakearch studi&s
Twenty five female healthy control volunteers of BNR5 kg/m2 were
recruited for the procurement of fresh blood samsplellowing the
TANOBE protocol. Both protocols have been approbgdthe Ethical
Committee of Parc de Salut Mar Barcelona (CEIC-P&YlAand comply
with the Declaration of Helsinki. An informed congsevas obtained from

the human subjects.

4.1.3 Sample preparation

Blood freshly extracted from human volunteers wakected in
10 mL K2E 18.0 mg (EDTA) BD Vacutainer tubes andtoéuged
immediately for 15min at 1700 g in a refrigerateentrifuge (4C).
Plasma was then immediately separated from thedldod distributed in
aliquots for further processing or stored at2@0 Discarded human
plasma batches from the Blood Bank of Hospital Mal of Barcelona

were used for the validation experiments.

Plasma samples were thawed in less than 30 minoah
temperature and processed on ice. Aliquots of (L5ware transferred
into glass borosilicate tubes, spiked withi250f ISTD mix 1 or mix 2,
diluted up to 1 mL with 0.1IM Ammonium Acetate bufféoH 4.0)
extracted with 6 mL of TBME and centrifuged (170@8gmin) at room
temperature. The organic phase was transferrelgéan tubes, evaporated

(40°C, 20 min) under a stream of nitrogen, and extraet® reconstituted
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in 100 uL of a mixture of water:acetonitrile (10:90, v/v)itiv 0.1% FA
(v/iv) and transferred to HPLC vials. Twenty. were injected into the

liquid chromatographymass spectrometry (LC-MS-MS) system.

4.1.4 Liquid-chromatography/Mass Spectrometry condions

An Agilent 6410 triple quadrupole (Agilent Techagies,
Wilmington, DE) equipped with a 1200 series binaymp, a column
oven and a cooled autosamplere@t was used. Chromatographic
separation was carried out with a Waters C18-CSknuo (3.1 x 100
mm, 1.8um particle size) maintained at 4D with a mobile phase flow
rate of 0.4 mL/min. The composition of the mobilkeape was: A: 0.1%
(v/iv) FA in water; B: 0.1% (v/v) FA in acetonitril@he initial conditions
were 40% B. The gradient was first increased lilyetar 90% B over 4
minutes, then increased linearly to 100% B ovelirtubtes and maintained
at 100% B for 3 minutes, to return to initial camahs for a further 4
minutes with a total run time of 16 minutes. The &murce was operated
in the positive electrospray mode. Desolvation tgasperature of 3%C
and a gas flow rate of 10 L/min were used. Theguesof the nebulizer
was set at 40 psi and the capillary voltage at 34,00 The multiple
reaction monitoring mode (MRM) was employed for wfifecation. The
experimental mass spectrometry conditions for eachpound are listed
in Tables 1 and 2
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Table 1. Experimental LC/MS-MS parameters for the aalyte detection

Analyte  Mw RT CV % P Q I F CE IS RF
2-AG 378.6 7.65 0.08 379 287 269, 203 135 12 2-AG-d5 1.00
1-AG 378.6 7.77 0.30 379 287 269, 203 135 12 2-AG-d5 01.0
2-LG 354.5 7.76 0.06 355 263 245, 337 135 12 2-0G-d5 0.79
1-LG 354.5 7.94 0.08 355 263 245, 337 135 12 2-0G-d5 90.7
2-0G 356.5 8.61 0.41 357 265 247, 339 135 12 2-0G-d5 1.00
1-0G 356.5 8.82 0.08 357 265 247, 339 135 12 2-0G-d5 01.0
AEA 347.5 7.22 0.07 348 62 44, 287 135 12 AEA-d4 1.00
DEA 375.6 7.99 0.08 376 62 44 135 12 AEA-d4 1.26
DGLEA  349.6 7.61 0.08 350 62 44 135 12 AEA-d4 1.68
DHEA 371.6 7.11 0.07 372 62 44 135 12 DHEA-d4 1.00
EPEA 345.5 6.66 0.13 346 62 44 135 12 AEA-d4 1.00
LEA 323.5 7.26 0.07 324 62 44 135 12 LEA-d4 1.00
a-LEA 321.5 6.66 0.11 322 62 44 135 12 LEA-d4 1.00
OEA 325.5 8.05 0.06 326 62 44, 309 135 12 OEA-d4 1.00
PEA 299.5 7.81 0.07 300 62 44, 283 135 12 PEA-d4 1.00
POEA 297.5 6.94 0.08 298 62 44 135 12 PEA-d4 1.00
SEA 327.5 9.11 0.07 328 62 44, 311 135 12 OEA-d4 1.00

Molecular weight (MW); retention time (RT, min); efficient of variation of the retention time (CV %grecursor ion (P, m/z); quantifier
product ion (Q, m/z); identifier/s product ion/s ifh/z); fragmentor (F, V); collision energy (CE, )eVhternal standard (IS); response factor
of the analyte versus the internal standard (RE)pid Res. 2014;55:966-77.
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Table 2. Experimental LC/MS-MS parameters for the duterated

analogs detection

Deuterated MW RT Q1 Q3 F CE
analog

2-AG-d5 383.6 7.63 384.3 287 135 12
1-AG-d5 383.6 7.77 384.3 287 135 12
2-AG-d8  386.6 7.59 387.5 295 135 12
2-0G-d5 361.6 8.59 362.2 265.3 135 12
1-0G-d5 361.6 8.79 362.2 265.3 135 12
AEA-d4 351.6 7.21 352.2 66 135 12
AEA-d8 355.6 7.19 356.2 62 135 12
DHEA-d4 375.6 7.09 376.3 66 135 12
LEA-d4 327.5 7.24 328.5 66 135 12
OEA-d4 329.6 8.04 330.4 66 135 12
PEA-d4 303.5 7.79 304.4 66 135 12

Molecular weight (MW); retention time (RT, min); goursor ion (Q1, m/z);
product ion (Q3, m/z); fragmentor (F, V); collisiemergy (CE, eV)J Lipid Res.
2014;55:966-77.

4.1.5 Method development and validation

41.5.1 Linearity

The linearity of the method was assessed for sewerogated
analytes by construction of calibration curves gsplasma samples
spiked with deuterated analogs of NAE and MG. Asialyvas performed
in quadruplicate for the following surrogated amesy AEA-d4, LEA-d4,
PEA-d4, OEA-d4, DHEA-d4, 2-AG-d5, and 2-OG-d5. TIBED were 2-
AG-d8 and AEA-d8 (ISTD mix 2), which have additibndeuterium
atoms in their structure. 2-AG-d8 was used as ISTR-MG, and AEA-
d8 as ISTD of NAE. The regression analyses of #ildmtions curves
were performed with SPSS 12.0 with a 1/x weighfawor.
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4.1.5.2 Quantification calculations

Experimental LC/MS-MS parameters for the detectbanalytes
and the deuterated analogs are presented in Tdblesd 2. The
quantification of the surrogated analytes was d¢ated by interpolation
of the response ratios on the calibration curvé® quantification of the
authentic analytes was carried out by isotope iditutvith the following

formula;

[eCB] ng/mL = (ng ISTD x analyte response) / (ISfd3ponse x RF x mL
aliquot volume)

The response factor (RF) was calculated as the it the
response area of the analyte divided by the resparea of its ISTD for a
standard solution mix directly injected withoutrmxtion into the LC/MS-
MS system and in which equal amounts of the anayk ISTD were
present. For some analytes a deuterated form wascoramercially
available so a deuterated analog of another NABIGr with a similar
structure was used as ISTD. ISTD mix 1 was usethfoquantification of
authentic analytes. This fit-for-purpose approachbld be employed due
to the fact that the basic structure of the NAEdQ #re MGs is the same,
the only difference being the length of the hydrboa chain and number
and position of double bonds. For some analyteRfhevas considered
1.0 since the differences in the absolute respovese less than 10%
(Table 1). We found that the responses of 2-AG-d8 AEA-d8 were
considerably lower than their non-deuterated fo(aygproximately ten-
fold) although as they were not used in the isoudipgion quantification
method calculations were not affected. The dectbassponse was
probably due to the different position of the deiute atoms in the

structure of the d8 analog (and next to the dobbleds) compared to the
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d4 and d5 analogs (Figure 10). In our LC/MS-MS é¢toidls, responses of
the 1-MG and 2-MG isomers were the same.

4.1.5.3 Limits of detection and quantification

The mathematical estimates of the limits of dedec(LOD) and
lower limits of quantification (LLOQ) of the surrated analytes were

inferred from the equations of the curves by thie#dng formulas:

LOD ng/mL = (standard deviation of the replicatek the lowest

concentration calibrator/ slope) x 3

LLOQ ng/mL = (standard deviation of the replicatek the lowest

concentration calibrator / slope) x 10

Additionally, the lower limits of quantificationL{OQ) of the
surrogated analytes were verified experimentally dysix replicate
analysis of plasma spiked with d4 or d5 deuterébeths of NAE and 2-
MG at the following concentrations: PEA-d4 0.1 nb/nOEA-d4 0.1
ng/mL, LEA-d4 0.1 ng/mL, AEA-d4 0.02 ng/mL, DHEA-d%02 ng/mL,
2-AG-d5 0.75 ng/mL, 2-OG-d5 2.5 ng/mL The samplesravfurther
spiked with ISTD mix 2, which contained 2-AG-d8 aAdA-d8 and
analyzed by LC/MS-MS. The ratio of the surrogatedlges and their
ISTD was calculated. A coefficient of variation thie ratios of less than
20% and a signal to noise ratio greater than 3 wensidered acceptable.
A dilution integrity experiment was carried out fower sample volumes
down to 50uL, with no significant differences in concentrati¢towever,
the standard volume of the method was set at 0.5rokder to be able to
quantify the eCBs and eCB-like compounds with lovesrdogenous

concentrations.
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4.1.5.4 Accuracy and imprecision

The within-day and between-day accuracy and impi@tiof the
method were evaluated by the quadruplicate anabfsiguality control
samples (QCs) at three concentration levels (QQC;M, and QC-H)
over a three day validation protocol. The QCs weapared by spiking a
batch of plasma on top of its basal eCB and eC84dincentrations. QC-
L was spiked at 0.05 ng/mL POEA, DGLEA, EPEA, ALIXEA, AEA,
DEA, DHEA, 1 ng/mL 2-AG, PEA, OEA, SEA and 5 ng/n2-OG , 2-
LG. QC-M was spiked at 0.5 ng/mL POEA, DGLEA, EPH&EA, o-
LEA, AEA, DEA, DHEA, 5 ng/mL 2-AG, PEA, OEA, SEA dn50
ng/mL of 2-OG, 2-LG. QC-H was spiked at 2.5 ng/mDBEA, DGLEA,
EPEA, LEA, a-LEA, AEA, DEA, DHEA, 25 ng/mL 2-AG, PEA, OEA,
SEA and 250 ng/mL 2-OG, 2-LG. Aliquots of each Q€revdistributed
into cryotubes and stored at -80C until analy3ise samples were
randomly analyzed in order to assess carry ovéquats of 0.5 mL of the
QC samples were spiked with ISTD mix 1 at the fellgg amounts of
deuterated analogs: 0.25 ng AEA-d4, 0.25 ng DHEAGI30 ng LEA-d4,
1 ng PEA-d4 and OEA-d4, 5 ng 2-AG-d5 and 25 ng 2d3Gand
analyzed by LC/MS-MS. The quantification was dogedotope dilution.

Accuracy was calculated as the percentage (%) iftdérehce
between the observed concentration and the norooradentration. The
nominal concentration was calculated as the exgectecentration on
day 1 of the QC sample after the spiking procedgng into account the
basal EC and ERC concentrations. A percentageffafrelce less than
15% for QC-M, QC-H and less than 20% for QC-L wamsidered

acceptable. Imprecision was calculated as the atdndrror deviation
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(RSD) of the QC sample replicates. An RSD less tha¥h for QC-M,
QC-H and less than 20% for QC-L was consideredmabée.

4,155 Recovery and matrix effect

Recovery and matrix effect were evaluated in plagram six
different sources with deuterated analogs as satedganalytes analyzed
in triplicate. Firstly, each batch of plasma wagdtd into two pools, one
pool was spiked with ISTD mix 1 and mix 2 and ected, while the other
pool was spiked with ISTD mix 1 and mix 2 afterraxtion. Secondly,
ISTD mix 1 and mix 2 were also spiked into cleaasgltubes, evaporated
and reconstituted. Finally, extracted samples amc standards were
analyzed by LC/MS-MS. Recovery was calculated asrésponse of the
SA of samples spiked before extraction vs. samppiked after
extraction. The matrix effect was calculated as theponse of the
surrogated analytes of samples spiked after ektracts. the pure
standards. Additionally, the coefficient of varati(CV %) of the ratio of
the surrogated analytes with the ISTD of the siaspla sources was

calculated.
4.1.5.6 Stability of the analytes on re-injection
The stability of the reconstituted extract soluioon HPLC vials was

tested with the re-injection of a batch in whick thals were kept ate€

for 24h and another batch with the vials kept 8¢€for ten days.
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4.1.6 Chemical and biological stability of 2-monoadglycerlols

41.6.1 Stability of the isomers 1 and 2 of

monoacylglycerols in the biological matrix

The stability of the isomers 1 and 2 of MG in thielogical
matrix was assessed by measuring the ratio betwesnsomers after
preservation of the plasma at different times amaperatures. The rate of
iIsomerization (or acyl migration) was measuredan experiments: in a)
one batch of human plasma from the blood bank wa®d with 2-OG-
d5 and 2-AG-d5 and another batch was spiked widGtd5 and 1-AG-
d5. Samples were analyzed by LC/MS-MS and the gaifothe 1 and 2
isomers of both batches were calculated. The spkaadards, dissolved
in mobile phase, were also injected directly irte tC/MS-MS system
and the isomer ratio was calculated in a) a séteshly obtained plasma
samples from human volunteers incubated 2h°@t 4nd b) another set
incubated 2h at room temperature. The two setaropkes were analyzed
by LC/MS-MS and the ratios of endogenous 1 and 2 ist§gners were

calculated.

4.1.6.2 Inhibition experiments of the ex-vivo gemation

of monoacylglycerols (MG) from plasma

Blood was obtained from human volunteers and [E%EE®
immediately. The rate of production of MG from theparated plasma
was assessed by eCB analysis after incubation 2boat temperature
under agitation. Basal eCB levels (time 0) weréneged by immediate
eCB analysis. A set of potential inhibitors of M@guction were tested

by spiking the plasma before incubation 2h at rommperature at
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different concentrations of inhibitors. On severakperiments the
following phospholipase and lipase inhibitors weested: edelfosine,
D609, FIPI, Orlistat, RHC 80267, KT172, KT109 an®ks 264220A.
Stock inhibitor solutions were prepared in ethagxatept D609 that was
prepared in water. The volume of spiking solutidded was less than 2%
with respect to the plasma aliquot volume. Plasnaa distributed into
cryotubes for the incubation experiments. Edelf@sins a
phosphatidylinositol phospholipase C inhibitor (6C5 9.M). D609 is a
phosphatidiyl choline-specific phospholipase C ltor (Ki=6.4 pM).
FIPI is a phospholipase D2 and D1 inhibitor )G 20 nM , 25nM).
Orlistat is a gastric and pancreatic lipase inbibénd a non-selective
DAGLa and DAGL inhibitor (ICso = 60 nM, 100 nM). RHC 80267 is a
non-selective DAGL inhibitor (1§ = 4 pM). KT172 and KT109 are
selective DAGIB inhibitors (IG, = 60 nM, 42 nM, respectively) and also
DAGLa inhibitors (IGo = 0.14uM, 2.3 uM, respectively). GSK 264220A
is an endothelial lipase and a lipoprotein lipadehitor (IG, = 0.13uM,
0.10uM, respectively). The effect of the blood collectitube on the MG
production was assessed on EDTA (K2E 18 mg) or kiegiaH, 170 1.U)
BD Vacutainer 10 mL tubes with or without the prese of the inhibitor.
All the inhibitors were tested with EDTA-plasma VehOrlistat and GSK
264220A were additionally tested on heparin-plasiitee estimation of
the 1G, of Orlistat for the generation of 2-AG, 2-LG andD% was done
in EDTA-plasma samples from three human voluntests the following
added concentrations of Orlistat: 0, 50, 150, 481, 1500, and 2500
nM. Control plasma samples were kept &€ 4or 2h until analysis. The
percentage of inhibition was calculated with respec the levels at
concentration of inhibitor O of each plasma soufides data was modeled
by the software GraphPad Prism 5 with the inhibitimodel: log
[inhibitor] vs. % inhibition and the I for 2-AG, 2-LG and OG were

calculated.
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4.1.6.3 Stabilization of monoacylglycerol (MG) mesures
in plasma with Orlistat

Blood extracted from 25 human female volunteers ealected
in 10 mL K2E 18.0 mg (EDTA) BD Vacutainer tubes,ntéduged
immediately at 1700 g in a refrigerated centrif{geC). Plasma of each
volunteer was separated immediately from the bland two equal 0.6
mL aliquots were obtained. One aliquot was spike8l 36 M with 5 puL
of Orlistat solution (20Qug/mL, ethanol). Both aliquots were stored at -

80°C until eCB analysis with our standard procedure.

4.2 Quantification of endocannabinoids in animal

models

The developed methodology for eCB quantificatioplasma has
been adapted for eCB quantification in animal medefhe eCB
quantification in plasma of rat or mice is the saasethe method in
human. In regards to mice the only difference &wblume of plasma for
the analysis (due to the lower volume of plasmailavie), which is
tipically 100 pL. To maintain the proportions ofganic and aqueous
phases and to be able to separate the phasesdditioreal amount of
dilution buffer (Am. Ac. 0.1M pH 4.0) is added fdower plasma

volumes.

The methodology has been adapted for eCB quartidican
brain tissue. The method of analysis by LC/MS-MEHmin tissue is the
same as the method in plasma. The difference isirtbl@sion of a

homogenization step and the spiking with a highaoant of internal
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standard. For a proper quantification, the amouninternal standard
added during extraction needs to be of a similagmtade of the expected
amounts of endogenous eCBs in tissue, which hanedi#erent ranges
in plasma or brain. In brain of mice for instancAQ@ levels are tipically
10 nmol/g tissue, while AEA levels are 30 pmol&stie, and this can vary
depending on the brain regigh41]. In human plasma 2-AG and AEA
concentrations reported are in the order of 1-2 lpmio for both

compoundg138].

Brain tissues are kept at -80°C or in dry ice umpinogenization
and the homogenization is done on ice, using asdgl@snogenizer. The
homogenization step needs to be fast to avoid xhéve generation of
eCBs, and it tipically takes 5 min to process oramgle. The
homogenization is done with 0.02%(v/v) trifluoroticeacid in water (pH
3.0) and homogenates are extracted in tert-butyhyheether like the

plasma samples.

4.3 The endocannabinoid system, weight categories

and olfaction

4.3.1 Human subjects. Characteristics of the humasample

The study sample was made up of 161 females (B8&b years)
with body mass indices (BMI) ranging from under-g¥gi to morbid
obesity. The characteristics of the study subjecspresented ifiable 3.
Seven centers, all involved in the CIBERObNn (SpanBomedical
Research Centre in Physiopathology of Obesity andtrithdn,
www.ciberobn.com), participated. Only women weréested for this

study. The population of subjects from the prestaty comes from a
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larger clinical cohort for the study of eating diders in women. Obese
participants (BMI>30 Kg/if) were patients who had been consecutively
referred to the clinics mentioned above. Recruitmanthe non-obese
participants (BMI<30 Kg/f) took place by means of word-of-mouth and
advertisements at local universities. The selecti@s based on BMI.
Exclusion criteria included: a) being male, b) stdvy of chronic medical
iliness, c) the use of psychoactive medication @mnds, d) Age under 18
or over 65 years. Subjects diagnosed with eatirgprders, such as
anorexia, bulimia, or binge eating disorder, werelwded from this
sample. Enrolment in the study was between JarGi9 and September
2012. All participants gave written and signed infed consent, the study
was conducted according to the Declaration of iHkisand the Ethics
Committee of all the institutions involved [ComigdDeontobgica de la
Universitat Jaume |, Subcomisi Clinica del Hospital Universitario
“Virgen de la Victori§, Malaga, Comite Etic de Investigacio Clinica
Hospital Universitari de Girona Doctor Josep Trué248/10), Comite
Etico de Investigacion Clinica del Consorci Mar date Salut de
Barcelona-Parc de Salut Mar (2010/3914/1), Cémie Etica de la
Investigacdbn Universidad de Navarra (110/2010) and Céntitico de
Investigacbn Clinica del Hospital Universitari de Bellvitge (307)D6
approved the study.
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Table 3. Characteristics of the study subjects

UW (n=18) NW (n=70) OW (n=13) OB (n=26) MO (n=34)
BMI<19 kg/m? 19<BMI<25 25<BMI<30 30<BMI<40 BMI>40 kg/m?

Age (yrs) 24.0 (7.45) 27.4 (7.36) 33.4 (7.64) 47.3 (11.1) 435 (11.2)
Height (cm) 164 (7.99) 166 (6.40) 162 (4.11) 161 (6.27) 161 (7.36)
Weight (Kg) 48.9 (5.20) 59.9 (6.31) 70.9 (4.67) 92.0 (8.44) 122 (17.8)
BMI (Kg/m?) 18.1 (0.64) 21.7 (1.62) 26.9 (0.94) 35.5 (2.53) 46.7 (5.10
% fat mass 18.7 (4.06) 27.0 (4.48) 33.6 (3.59) 42.1 (6.14) 46.4 (4.19)
LDL-C (mg/dL) 84.5 (28.9) 92.7 (23.8) 106 (26.1) 116 (33.5) 107 (24.7)
HDL-C (mg/dL) 55.4 (16.0) 58.1 (10.3) 58.5 (16.0) 47.6 (7.39) 43.8 (8.98)
Total-C (mg/dL) 154 (43.1) 165 (31.0) 180 (36.8) 187 (37.8) 179 (33.7)
Triglycerides (mg/dL) 59.4 (25.1) 66.5 (24.8) 67.2 (25.2) 107 (35.0 129 (60.2)
Glucose (mg/dL) 80.7 (15.3) 82.9 (20.4) 80.2 (11.4) 101 (25.2) 98.7 (21.9)
Smokers (%) 31.6 33.9 30.8 20.0 28.1
Menopausia (%) 0 1.50 0 45.5 37.9
Use of oral contraceptives 27.8 26.9 20.0 4.00 10.3

Data are mean (standard deviation) or percentayeunder-weight (UW); normal-weight (NW); over-wéit (OW); obese (OB); morbidly
obese (MO); body mass index (BMI); low density [ipotein cholesterol (LDL-C); high density lipoproteholesterol (HDL-C); total
cholesterol (Total-C)
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4.3.2 Endocannabinoid quantification, anthropometry and
lipid profile

Endocannabinoid guantification in plasma of thdip@ants was

done as described in section 4.1.3

The following anthropometric measures were consitdteheight
(m), weight (kg), BMI (kg/m2), and %body fat. Bodpmposition was
assessed using a Tanita Multi-Frequency Body CoitipwsAnalyzer
MC-180MA (Tanita Corp., Tokyo, Japan). Tanita ufigs non-invasive
technique of bioelectrical impedance analysis (Bi#gt predicts from a
series of equations total body water content aee fat mass, from which

fat mass can be calculated.

EDTAK2 plasma glucose, total cholesterol (TotaJ-Gnd
triglycerides were determined by enzymatic methotgh-density
lipoprotein cholesterol (HDL-C) by an accelerat@lestive detergent
method in a PENTRA-400 autoanalyzer (ABX-HORIBA Qmastics,
Montpellier, France). Low-density lipoprotein chstierol (LDL-C) was
calculated by the Friedewald equation whenevelytiggides were <300
mg/dL.

4.3.3 Olfactory capacity tests

Olfactory capacity was assessed by ti&niffin’Sticks’ test
(Burghart Messtechnik GmBh, Wedel, Germany), whietaluates
chemosensory performance based on pen-like odpeiing devices

(Figure 11). The test has been previously described andataliij137]
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and it is deemed suitable for the routine cliniaasessment of olfactory
performance. It is made up of three sub-tests: ti@shold (OT), odor
discrimination (OD), and odor identification (OIDPT is the lowest
concentration of a certain odor compound that iscgieable by the
human sense of smell. OD and Ol show the capatitiifferentiate and
identify odorants, respectively. OD and Ol are maated to cognitive
aspects of olfaction, while OT is more sensofid@l4]. OT was assessed
with n-butanol, while OD and Ol were assessed witteen common
fragrances, such as peppermint, orange, leathmsrarmion, banana, garlic,
lemon, rose, coffee, apple, clove, pineapple, adisand fish[137].
Subjects were assessed individually in a well-Vated room and they
wore eye masks to perform the test. Subjects vegeasted not to smoke,
chew gum or having eaten any products during tle&ipus one hour at
the start of the test. The tests were performethéntime period after
breakfast and before lunch and on the same daybtbatl was collected
for eCB analysis. A trained researcher carried the tests in the
following order: OT, OD and Ol.

Figure 11 Sniffin"Sticks test battery
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4.3.3.1 Olfactory threshold (OT) test

Using a triple-forced choice paradigm, detectioresholds were
measured by employing a single staircase methode€eTlpens were
presented in a randomized order, two pens contabgedless samples,
and the third contained an odorant sample at éphat dilution. A total
of 16 odor concentrations were tested. The taskefsubject was to
indicate which pen contained the odorant. Conctatraof the odorant
was augmented if the subject chose an odorlessapérreduced if the
correct pen was recognized twice, which triggeredewersal of the
staircase. The mean of the last four staircasesalvpoints of a total of
seven reversals was used as the threshold estifteteange of this score
is from O to 16 points. The higher is the score higher is olfactory
threshold capacity.

4.2.3.2 Olfactory discrimination (OD) test

The subjects were asked to discriminate betweetrip@ts of
odors. In each group two odors were identical amel @dor was different
and the task was to recognize the pen in whictotloe was different. The
total score was the sum of correct responses, wdainlrange from O to 16
points. The higher is the score the higher is tdfigc discrimination
capacity.

4.2.3.3 Olfactory identification (Ol) test
A pen with an odor was presented to the subjadbjeBts were

asked to identify the odor, by choosing it in adcénom a list of four

descriptors, only one of which correctly identifi¢kle odor. For this
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purpose the eye mask was removed (only for reattiegard). The total
score was the sum of correct responses, which aagerfrom 0 to 16
points. The higher is the score the higher is odiac identification

capacity.

4.3.3.4 Threshold-discrimination-identification (TDI)

score

The sum of the scores from the three olfactorytesib (OT, OD,
and Ol) results in the composite olfactory thredkdikcrimination-
identification (TDI) score, which can range fromt® 48 points. The
higher is the score the higher is olfactory cayadiDI declines with age,
the strongest decrease is observed in individu&@S years[132].
Normosmia, or normal olfactory function is defirfed TDI scores higher
than 30.3 points, hyposmia, or decrease in olfgatapacity is defined for
TDI scores lower than 30.3, and anosmia, or funafidoss of olfactory

capacity is defined for TDI scores lower than 16.5.

4.3.4 Statistical analysis

Characteristics of the five BMI sample groups presented by
the mean and the standard deviation. Boxplots (fjukeere generated
with software GraphPad Prism 5. Statistical analygs performed with
the software packages SPSS (version 18) and R igwer3.2.1).
ANCOVA models were employed to compare the BMI g®uwith
respect to eCB concentrations and olfactory scadassting for age and
for the post-hoc pairwise comparisons in the fraorkvef this model, the
Tukey test was used. The correlations betweenlfhetory variables, on

one hand, and the other study variables, on ther bidnd, were estimated
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using Pearson's correlation coefficient. In additithe association of TDI
scores with BMI, %body fat and 2-AG was studied mmeans of
ANCOVA models that controlled for age, smoking (y®8, menstruation
(normal/irregular/menopause), and the use of coeptives (yes/no) as
all these variables could affect olfactory capacBpth the estimated
parameter (B) of each variable of interest and duefficient of

determination (B, which represents the percentage of variability¥f DI

explained by the models, are presented.
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RESULTS AND DISCUSSION

5.1 Quantification of circulating plasma

endocannabinoids

5.1.1 Method development

Whilst some solid phase extraction methods weeel trecovery
was difficult to optimize due to the varying struies of the analyzed
compounds (NAEs and MGs). The liquid-liquid extract methods
provided the best overall recoveries. In order $seas a method to
stabilize the original isomeric ratio after the raxtion and evaporation
steps, 0.5 mL plasma samples were spiked with thdedated analog
isomers 2-AG-d5 and 2-OG-d5, and extracted andyaedlby LC/MS-
MS to evaluate the generation of 1-AG-d5 and 1-@Ghg chemical

isomerization (acyl migration)r@ble 4).

Table 4. Stability of the isomerization upon extraton from the

biological matrix

Ratio
2-AG-d5 2-0G-d5

Extraction solvent (1IS01/1S02) (1ISO1/1S02)
Spiked plasma

TBME:water (6:1, Vi) 0.59 0.32

TBME:water (6:1, viV) 0.53 0.20

TBME:Am. Ac. 0.1M, pH 4.0 (6:1, v/f) 0.10 0.09

Toluene:water (6:1, v/¥) 1.40 0.47
Standard solution 0.06 0.05

The stability of the isomerization of isomer 2 sminer 1 during extraction and
evaporation steps was assessed by analyzing tize (FK80O1/1SO2) of plasma
spiked with standard solutions of 2-AG-d5 and 2-@&5subjected to liquid-
liquid extraction compared with standard solutialissolved in mobile phase
injected directly into the LC/MS/MS system; IsomeflSO1); Isomer 2 (ISO2).
aReused clean tubed\ew silanized tubesl. Lipid Res. 2014;55:966-77
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Several liquid-liquid extraction methods were tdstEBME or toluene as
extraction solvents, Ammonium acetate buffer 0.1\ 4.0 or water as
aqueous solvents, and new silanized borosilicatssglubes (or clean re-
used tubes) to test for the activity of catalyilarsols. Aqueous solvents
were used to reduce viscosity and control plasma pgievated
temperatures, presence of serum albumin in the lsamapd high pH
values have been reported to accelerate 2-AG/1-A@ enigration
[139,140,142]. It is worth noting that commercially availabldg®mns of
2-AG and other 2-MG usually contain 5% to 10% OMG- It seems,
therefore, impossible to completely avoid 2-MG/1-M@merization. The
solvent that best preserved the original deuterst&isomeric ratio of
the sample after extraction was a mixture 6:1 TBNMEL M Am. Ac.
buffer pH 4.0. In our experimental conditions wesetved that TBME
preserved the 2-MG/1-MG ratio better than tolueméich was the
solvent of choice for other authof438,140]. However, this is most
likely due to the longer evaporation time of tolaesompared to TBME,
which in our experiment was relevant due to the @amhof solvent used
(6 mL) in the liquid-liquid extraction. The standarsolutions were
prepared in acetonitrile since methanol and othetigpsolvents promote
the isomerization of isomer 2 into isomer 1 of NIt39]. No differences
were observed between extraction tubes that weanclre-used ones or

new silanized tubes.

We found optimal recoveries and peak shapes with t
reconstitution of the extract in a mix of wateriacgtrile (10:90) with
0.1% FA. The eCB and eCB-like profile was separdigdeverse phase
gradient chromatography in a C18 colunfiigtre 12) since with a C8

column complete separation of the MG isomers wapaossible.
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Figure 12. LC/MS-MS chromatogram of the endocannalmioid profile
of a human plasma samplel] Lipid Res. 2014;55:966-77

Acetonitrile was used as the organic mobile phaseva observed that
methanol also promoted 2-MG /1-MG isomerizationpiesent in the

mobile phase. FA at 0.1% v/v was employed as aitiaeglabf the mobile
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phase to promote the positive ionization of NAE &@. The parent ion
adducts selected for fragmentation in the masstispeeter were in the
form of [M+H]+. The product ion m/z 62, which cosmgonds to
ethanolamine, is characteristically generated [agrfrentation of NAE
while a neutral loss of mass 92, which correspdodgycerol, is common
to the fragmentation of MG. The specific MRM traiwsis are listed in
Tables 1 and 2. The method is selective and spdoifieach analyte with
no cross contamination between MRM channels andnast cases, a
single chromatographic peak corresponding to th#og@enous analyte
was found throughout the acquisition time. Theataon in retention time
of the individual analytes in a typical batch as#ywas less than 0.5%.
The retention time and product ion spectra of thdogenous analytes in

the matrix matched the ones of the authentic stasda

The quantification of endocannabinoids, as for eaildogenous
analytes, is challenging due to the absence ofaakbmatrix. Some
authors have developed strategies of depletion hef @nalytes by
processing the plasma using five cycles of activatearcoa[138]. Other
authors have used a surrogated analysis appridad] or carried out
guantification by isotope dilutiof144,145]. It is to be noted that eCB
depleted plasma still contains MG, probably due ite high
concentrationd 38]. In this work we have assessed the linearity, LOD,
LLOQ, recovery, matrix effect, and MG acyl migratistability of the
method using deuterated analog forms as surrogaigigtes and internal
standards (ISTD). Our approach is valid since thigiral unaltered
matrix can be used and, theoretically, the dewgdrfiirms have the same
properties as the authentic analytes. Howeveretisea limited number of
deuterated analogs of eCBs and eCB-like compowardbjn order to use
this approach different deuterated analog versfonseach analyte are

necessary. For this reason, in the analysis of k&ngd clinical studies
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(inhibition experiments), and in determining thewacy and imprecision
of the method, quantification was carried out wigbtope dilution as

described in the methods section.

5.1.2 Method validation

Recoveries were high (>80%) for all the analytesfrix effect
was substantial (40%) in some analytes such as 2%GVinimal
differences in the matrix effect of the six plassmirces were, however,
observed because it was compensated by the useutdrdted analogs
with similar ISTD structureTable 5).

Table 5. Recovery and matrix interference of the suogated analytes

in plasma of six different sources

Surrogate ISTD Recovery (%) Matrix effect  CV (%)

analyte (%)

PEA-d4 OEA-d4 96 + 11 -26 +4.7 3.0
LEA-d4 OEA-d4 96+7.1 -19+4.8 3.0
OEA-d4 PEA-d4 95+8.4 -19+5.8 3.4
AEA-d4 AEA-d8 95+7.9 -15+4.9 3.5
DHEA-d4 AEA-d4 89+7.6 -11+£6.0 2.9
AEA-d8 AEA-d4 84 +8.7 -8.0+5.0 4.2
2-0G-d5 2-AG-d5 84 +8.0 -40+5.8 7.9
2-AG-d5 2-AG-d8 85+7.8 -27+4.0 3.9
2-AG-d8 2-AG-d5 81+6.8 -16 +4.3 4.9

Meant standard deviation of the recovery (%) and magffect (%) of the
surrogate analytes in plasma of six different sesirand analyzed in triplicate;
coefficient of variation (CV %) of the ratio of ttmurrogated analytes with the
internal standard (ISTD) of the six plasma sourdéspid Res. 2014;55:966-77
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The method is linear for the eCBs and eCB-like poumds
whose quantification was standardized. Results, clivhinclude the
mathematically derived LOD and LLOQ, are showiTables 6A, 6Band
6C. The LLOQ of the method verified experimentally @he following:
0.02 ng/mL for AEA, DEA, DGLEA, EPEAq-LEA, DHEA and POEA,
0.1 ng/mL for LEA, 0.5 ng/mL for OEA and SEA, 0.A§/mL for 2-AG,
1 ng/mL for PEA, 2.5 ng/mL for 2-OG and 2-LG. TheQQ of PEA,
OEA, and SEA were set at a higher concentration their mathematical
LLOQ due to small basal contaminant concentratibmsnd in the
solvents and glassware as reported by other aufidi®| [146]. No
significant carry-over was detected. No differenageshe concentration
values were found after re-injecting vials kepd®t for 24h. Vials kept

at minus 20C were stable for all analytes except SEA.
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Table 6A. Calibration curve and linearity parameters of the surrogate analytes

Surrogate  ISTD NC MC STDR accuracy CV slope intercept “ r LOD LLOQ
analyte
2-AG-d5 2-AG-d8 1.00 1.10 0.080 101.1 7.0 0.0620+0.0011 -0.0173+0.0126 0.995 0.25 0.77
12.5 11.1 0.300 914 2.7
25.0 25.4  0.396 101.2 1.6
38.0 39.2 1.90 101.0 4.8
50.0 49.8 3.64 102.5 7.3
2-0G-d5 2-AG-d8 2.50 2.60 0.24 103.9 9.1 0.04720008 -0.0150+0.0305 0.995 0.78 2.37
62.5 58.9 4.86 94.3 8.2
125 126 16.2 100.9 12.8
190 190 9.04 99.8 4.8
250 253 13.0 101.1 5.1
AEA-4  AEA-d8 0.05 0.05 0.006 98.4 12 0.3626 +0.0033 0.0007 £0.0025 0.999 0.02 0.06
1.25 1.26 0.087 100.4 6.9
2.50 256 0.143 102.3 5.6
3.80 3.82 0.098 100.5 2.6
5.00 492 0.082 98.4 1.7

Internal standard (ISTD); nominal spiked conceidrain ng/mL (NC); measured concentration in ng/(MC); standard deviation of the
residuals (STDRY); accuracy in %, coefficient ofiation in % (CV); slope (mean SD); intercept (meas SD), correlation coefficient{;
limit of detection (LOD); lower limit of quantifidéon (LLOQ). J Lipid Res. 2014;55:966-77
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Table 6B. Calibration curve and linearity parameters of the surrogate analytes

Surrogate  ISTD NC MC STDR accuracy CV slope intercept “ r LOD LLOQ
analyte

DHEA-d4 AEA-d8 0.05 0.05 0.004 99.2 8.7 0.2567 £0.0022 0.0008 +0.0017 0.999 0.01 0.04
1.25 1.26 0.065 100.6 5.2
2.50 251 0.180 100.5 7.2
3.80 3.84 0.029 101.0 0.8
5.00 495 0.090 98.9 1.8

LEA-d4 AEA-d8 0.05 0.05 0.002 98.5 5.0 0.6460 058  0.0029 +0.0044 0.999 0.01 0.02
1.25 1.26 0.079 101 6.3
2.50 2.53 0.147 101 5.8
3.80 3.84 0.109 101 2.8
5.00 4.92 0.108 98.4 2.2

Internal standard (ISTD); nominal spiked conceidrain ng/mL (NC); measured concentration in ng/(MC); standard deviation of the
residuals (STDR); accuracy in %, coefficient ofiaion in % (CV); slope (meah SD); intercept (meas SD), correlation coefficient{;
limit of detection (LOD); lower limit of quantifidéon (LLOQ). J Lipid Res. 2014;55:966-77
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Table 6C. Calibration curve and linearity parameters of the surrogate analytes

Surrogate  ISTD NC MC STDR accuracy CV slope intercept “ r LOD LLOQ
analyte
OEA-d4  AEA-d8 2.50 2.24 0.02 89.6 0.8 0.7761+£0.0171 -1.3384+0.2568 0.991 0.06 0.19
12,5 13.9 1.36 111 9.8
25.0 25.8 0.56 103 2.2
38.0 37.8 3.38 99.5 8.9

50.0 48.2 2.75 96.4 5.7

PEA-d4 AEA-d8 2.50 2.18 0.013 87.3 0.6 09274464 -1.5493+0.2909 0.992 0.04 0.13
12.5 14.2 1.63 113 11.5

25.0 26.1 0.88 104 3.4
38.0 37.8 1.05 99.6 2.8
50.0 47.7 1.67 95.5 3.5

Internal standard (ISTD); (NC) nominal spiked cartcation in ng/mL (NC); measured concentrationginnl (MC); standard deviation of
the residuals (STDR); accuracy in %, coefficienvafiation in % (CV); slope (meanSD); intercept (meas SD), correlation coefficient
(r%); limit of detection (LOD); lower limit of quaniifation (LLOQ).J Lipid Res. 2014;55:966-77
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Within run and between run accuracy and impregisialues of
NAE and MG are presented iifable 7 and fit current standard
requirements for analytical method validation. Wispect to the MG, we
found decreases in the concentration of the sep@rddG isomers from
day 2 of the validation protocol due to acyl migratduring conservation
of the plasma. This is explained in the sectiorstaility of the isomeric
ratio of MG. The method is deemed fit for the deti@ation of the eCB

and eCB-like profile in human plasma samples.
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Table 7. Imprecision and accuracy

Within run Between run
Imprecision (%) Accuracy (%) Imprecision (%) Accuracy (%)
QC-L QC-M QC-H QC-L QC-M QC-H QC-L QC-M QC-H QC-L QC-™M QC-H
2-AG 8.7 9.0 7.2 88.7 91.0 75.6 11.0 18.4 14.8 88.4 71.7 83.3
2/1-AG 6.7 5.7 5.7 96.9 96.4 93.5 7.4 14.3 8.2 88.7 93.2 103
2-LG 11.0 12.8 5.9 95.8 91.3 77.2 16.2 18.2 19.5 80.2 76.3 83.2
2/1-LG 5.4 8.5 5.7 94.9 101 105 11.2 4.8 9.6 91.4 101 110
2-0G 10.6 7.6 8.6 86.9 92.9 83.2 10.6 18.3 8.2 88.4 77.5 89.5
2/1-0G 9.7 8.7 6.9 95.3 89.9 97.0 12.1 11.2 5.6 890. 85.1 104
AEA 4.6 6.1 4.3 92.9 88.7 89.6 9.8 10.2 4.8 92.1 92.9 89.4
DEA 4.5 6.1 5.2 91.6 91.4 93.0 11.9 6.9 5.3 95.0 .194 95.2
DGLEA 7.7 6.1 4.1 97.0 97.6 95.0 10.4 9.0 5.4 101 97.5 98.3
DHEA 4.7 8.8 3.0 94.6 92.1 90.6 10.2 9.3 4.6 90.9 4.59 93.7
EPEA 7.2 5.3 4.3 95.3 89.9 88.0 9.8 10.0 6.1 90.6 89.1 89.7
LEA 3.2 7.4 5.4 97.8 97.9 97.5 10.0 10.2 5.5 94.8 9.99 101
a-LEA 5.6 9.0 5.7 93.9 88.5 87.0 11.5 12.5 8.1 86.7 88.5 88.1
OEA 2.9 7.5 3.8 97.5 98.4 96.4 9.3 9.7 4.6 94.9 297. 102
PEA 2.9 6.6 3.0 95.4 97.6 96.7 9.4 9.5 3.9 94.5 96.5 100
POEA 7.0 11.3 6.2 96.5 93.8 86.3 14.1 12.4 9.8 92.9 89.7 89.8
SEA 4.9 9.4 3.8 93.3 98.3 99.0 10.8 10.5 8.8 101 97.2 104

Data represent the mean values of QC sample régsidd ipid Res. 2014;55:966-77
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5.1.3 Inhibition experiments of the ex vivo generain of 2-

monoacylglycerols in plasma

Fanelli et al[138] reported the generation of 2-AG in plasma in
the absence of blood cells, with increases in Z&AL#ér plasma preserved
for 4h at 4C or room temperature. In the course of our MG iktyb
experiments we observed approximately five foldéases in 2/1-LG and
2/1-OG concentrations in plasma preserved for jabkt at room
temperature compared to plasma preserved@t kh regards to 2/1-AG
we observed differences in concentration when phasvas analyzed
immediately after blood extractiors some time afterwards (2h) or after a
freezing/thawing step even though cold chaitCdwas maintained. We
therefore investigated in controlled experimentsesd® phospholipase
and lipase inhibitors for its capacity to inhibk-eivo monoacylglycerol
(MG) production in plasma. 2-AG, and its precursarghe organism can
be originated from multiple biosynthetic pathwaysld@issues, including
blood cells. 2-AG is mainly originated from sequahthydrolysis of
phosphatidylinositol (PI) phospholipids but it alsan be originated from
phosphatidiylcholine (PC) phospholipid§147] (Figure 13). The
diacylglycerol lipase (DAGL)a or B releases 2-AG from its main
precursor, diacylglycerol (DAG]148]. 2-AG and other 2-MGs also
originate from fat digestion in the intestinal lumewhere dietary
triacylglycerol is hydrolyzed in the sn-1 and spdsition by pancreatic
lipase through a series of directed stepwise @agtio DAG, 2-MG, fatty
acids, and glycerol. 2-MGs are readily adsorbed @mdynthetized to
triacylglycerols through the MG pathwa@5] [15,149,150]. In our
attempt to discover the source of 2-AG originateevigo from plasma
we used several lipase inhibitors that includedibitbrs of the

biosynthesis of 2-AG precursors. In the inhibitexperiments we initially
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used an inhibitor of PI phospholipase C (PLC) (exdahe), an inhibitor of
phospholipase D1 and D2 (FIPI), and an inhibitoP@f phospholipase C
(D609). We also used Orlistat, a potent non-spedaifibitor of DAGLx
and DAGLS [151], which is also a gastric and pancreatic lipaséitdr
[152].

Phospholipids > LysoPI

Phosphatidic DAG Kinase Diacylglycerol —m—
acid (PA) > o DAGL AG

PA phosphatase

Pancreatic lipase
Triacylglycerol Endotelial lipase
Lipoprotein lipase

Figure 13. Schematic pathways on the biosynthesi$ ®-arachidonoyl
glycerol (2-AG). Phospholipase Al (PLA1l); phospholipase D (PLD);
phospholipase C (PLC); 2-arachidonoyl-sn-glycenph8sphoinositol (LysoPl);
lysophospholipase D  (LysoPLD); lysophospholipase Q@ysoPLC);
diacylglycerol lipase (DAGL); diacylglycerol kinagPAG kinase); phosphatidic
acid phosphatase (PA phosphatase). Adapted f£am Top Behav Neurosci.
2009;1:3-35.

We found no inhibition activity for the phospholggainhibitors D609,
FIPI and edelfosine (IC50>3@M, IC50>125 nM, IC50>5@M). On the

other hand, we observed inhibition of the ex-viwmeration of 2-AG, 2-
LG and 2-OG in plasma spiked with Orlistat. It eslie noted that the
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artifactual generation of MG persisted even afteimediate sample
centrifugation that essentially eliminates all [azells, which means that
this MG buildup should be related to an enzymakaxsma activity. Since
Orlistat is a general lipase inhibitor we alsogdghe inhibition activity of
RHC 80267, another non-specific inhibitor of DAGI[151] and KT172
and KT109, potent selective DA@Linhibitors [19]. Neither of these
compounds showed inhibition activity (IC50>3@M, 1C50>15 pM,
IC50>15uM), which means that the ex-vivo MG production iagma is
a mechanism independent of DAGL. Additionally, wedstigated the
effect of the blood collection tube on MG genenmatid/e found that MG
concentrations were higher in heparin-plasma thaBDTA-plasma. The
differences were maintained either for samplesyaed immediately or
after incubation at room temperature. Orlistat \ade to inhibit MG
production in plasma originated from both kind obés, but due to the
higher MG buildup in heparin-plasma, a higher coti@ion of Orlistat

was needed to achieve full inhibitiof.able 8).
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Table 8. Stability of monoacylglycerol concentratios on different collection conditions

2/1-AG 2/1-LG 2/1-0G
Inhibitor in Time, 2h at room Time, 2h at room Time, 2h at room
Blood Tube Plasma Time 0 temperature Time O tentpiera Time O temperature
EDTA - 0.75+0.21 8.51+457 8.57+2.23 102 £386 9.68 +2.28 115+ 85.9
EDTA + 1.13+1.03 11.8+51 15.6 £2.30
Heparin - 2.82+0.67 30.6+23.0 83.7+12.8 8789 72.3+0.93 619 * 475
Heparin + 2.99+0.05 65.3+3.77 48.0+1.20

Blood was collected in EDTA or heparin tubes. Thpasated plasma was analyzed immediately (time @jter incubation for 2h at room
temperature with or without addition of Orlistatttee plasma collection tube. Orlistat was adde®lmj M to EDTA-plasma and at 15 pM to
heparin-plasma. Data are presented as mean + SIMa¥lG concentrations (ng/mL) of plasma from ondumteer in an experiment
performed in duplicatg.Lipid Res. 2014,55:966-77
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Further, since heparin-plasma is commonly used tfer assay of
lipoprotein lipase due to its affinity for hepaiih53], we also tested the
inhibition activity of GSK 264220A, an endothelidipase and a
lipoprotein lipase inhibitof154] but we found no inhibition (IC50>15
uM) on EDTA-plasma or heparin-plasma. The reasotheflower MG
concentrations on EDTA plasma is probably due éoctielating effect of
EDTA on the cofactors needed for MG biosynthesi® Wcommend,
therefore, the use of EDTA blood tubes for collectin addition to
Orlistat. In a second set of experiments, EDTA{plasof three human
volunteers was used for the calculation of thg & Orlistat for the ex-
vivo generation of 2-AG, 2-LG and 2-OG. An inhibiti model was
obtained and the data is graphically presentdéignre 14. The 1G, of
Orlistat with the mean, its 95% confidence interamatl the coefficient of
determination (R of the inhibition model are as follows: 285.6 nM
[212.4, 384.0] for 2-AG (R=0.8809), 146.1 nM [104.9, 203.4] for 2-LG
(R?=0.9087) and 148.7 nM [110.6, 200.0] for 2-OCG €R0.9254).
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Figure 14. Inhibition model of ex vivo production d 2-MG in plasma
with Orlistat . Plasma from freshly extracted blood was spiked waitiange of
concentrations of Orlistat, incubated at room terapee for 2 h, and analyzed by
LC/MS-MS to detect the levels of 2-AG, 2-OG, andl@- Values represent the
normalized 2-MG levels of three different volunteemalyzed in triplicatel
Lipid Res. 2014;55:966-77
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The ex-vivo generation of MG in plasma can be enéed by Orlistat.
Since our MG assay was done at room temperaturdested in controlled
conditions whether Orlistat addition to the plasst@rage tube had any effect on
MG measures when a typical clinical sample colteciprotocol was followed.
For that, 25 female blood samples were collectat] mmocessed in a matter of
weeks, maintaining the cold chain until finally rtd at -86C. ECB analysis took
place several weeks after all samples had beeactedl and was done with our
standard sample preparation procedure. The remdtpresented iflable 9 and
they show that Orlistat addition during the sampddlection protocol lead to a
significant reduction of all MG measures (36 to 59%60.001). The NAE, which
are the other measures of our eCB and eCB-likeyaisalere not affected by the
addition of Orlistat. We think that differences magave arisen due to the
enzymatic activity taking place in the freezingitiag and processing steps. All
the NAE and MG described in the method could bentified in the 25 human
female samples (Table 9) with the exception of ERE# due to its low levels
could only be quantified in 14 samples. In summalgta show that Orlistat
addition as part of the sample collection protozah be a tool to stabilize MG
concentrations in plasma and this can aid in thenbaization of eCB and eCB-

like measurements in clinical samples.
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Table 9. Effect of Orlistat addition to plasma on edocannabinoid measures

Measured concentration (ng/mL)

N Without Added Orlistat With Added Orlistat Chan(yo) P
2/1-AG 25 2.42+1.10 0.89 +0.50 -59.0£23.9 €0.0
2/1-LG 25 15.2 £ 8.48 7.76 £3.54 -47.2+17.5 <0.001
2/1-0G 25 16.1+10.4 8.93+4.90 -35.9+25.0 €0.0

AEA 25 0.40+0.19 0.39+£0.19 -2.09 £ 9.58 0.225
DEA 25 0.12 +0.04 0.11 +0.04 0.45+11.8 0.671
DGLEA 25 0.11 +0.03 0.12 + 0.03 -0.33+£12.3 0.324
DHEA 25 0.45+0.19 0.44+0.21 -0.74 £10.9 0.801
EPEA 14 0.03 £0.01 0.03 +0.01 -8.67 £ 9.02 0.104
LEA 25 1.30+0.38 1.23+0.38 -4.05+11.7 0.091
a-LEA 25 0.04 £0.01 0.04 £ 0.01 -4.39+13.4 0.142
OEA 25 3.16 +1.26 3.10+1.22 -1.72 +5.46 0.057
PEA 25 2.07 £0.67 2.06 £ 0.60 0.75 +£9.20 0.774
POEA 25 0.18+0.11 0.17 +£0.10 -290+12.0 0.491
SEA 25 1.18 +0.33 1.15+0.32 -2.15+£8.81 0.214

Plasma of 25 female human volunteers was collegtddor without Orlistat (3.4 pM) addition and stor at -80°C until EC analysis. Data
are presented as mean + SD. EPEA concentratio&a® the LLOQ for some of the samples. The eftédrlistat addition to plasma on
endocannabinoid measures was assessed by a painptest-test.J Lipid Res. 2014;55:966-77
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In summary the analysis of endocannabinoids (eCBs)a
challenging issue. To our knowledge this is thestfiime that an
enzymatic activity inhibited by the lipase inhibit@rlistat, and able to
generate 2-arachidonoylglycerol (2-AG) and othendioacylglycerols
(2-MG) in plasma in the absence of cells has begorted. Our finding
suggests that, as happens with eCB brain concemsgit41], peripheral
eCB concentrations from clinical studies or animaldels greatly depend
on sample collection and sample time processinglitions that take
place in the clinical and laboratory settings du¢he natural presence of
enzymatic activity in plasma. Because of the instabof eCB
concentrations in blood and plasma, eCB studiesl neefollow strict
harmonized sample collection and processing prédaooorder to avoid
artificial differences between samples. Finallye ttollection of plasma
samples with Orlistat may be a useful tool in tleedmination of real
endogenous 2-MG concentrations. In addition to ichate centrifugation
in refrigerated conditions, and separation of pegrmom blood to avoid
the release of N-acylethanolamines (NAE), suchresmdamide (AEA)
from blood cells, we also recommend the additiorOdistat to plasma
collecting tubes, maintaining the cold chain ustdrage and processing.
Orlistat is inexpensive and thus may be a costtfie measure in order
to aid in the harmonization of eCB and eCB-like sm@aments in clinical
research. Data suggest that the ex-vivo generafiddG in plasma is a
mechanism independent of diacylglycerol lipase (AGince besides
the general lipase inhibitor Orlistat, other spiecdr unspecific DAGL
inhibitors do not inhibit MG generation and neithier the result of
endothelial lipase or lipoprotein lipase activilygoes beyond the scope

of this work the full characterization of this enzstic activity.
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5.1.4 Stability of the isomeric ratio of monoacylgicerols

The results of the stability experiment of MG iagma show that
the chemical isomerization of isomer 2 to isomerddcreases with
decreases in the preservation temperature of #amal before analysis.
However, isomerization is still observed, evenaimples are stored at -
802C (Table 10. Furthermore, it has been reported that isomeoizas
also dependent on the amount of serum albumin presethe sample
[142]. It is, therefore, possible that even when samatessubjected to
the same storage conditions they could still haiféerdnt chemical
isomerization rates. Additionally, chemical isorzation takes place in

plasma preserved for a very short time at room &atpre.

We also investigated the endogenous origin of M@miers in
fresh plasma samplesigble 11). As has been previously suggested
[140], our data support the hypothesis that 1-AG does have an
endogenous origin and is the result of chemicamesization during
sample storage and processing, since in fresh plasmples we found
that 1-AG was present at the same isomeric ratithaspure standard
mixture. On the other hand, we observed that 1-id &-OG were
present at substantial concentrations. 1-MGs atgirfrom the in vivo
isomerization of 2-MGs during digestion and abdorpt It has been
estimated that approximately 25% of 2-MGs are igtwed to the 1-MG
form. However, 2-MG is the predominant form in whidMGs are
absorbed and re-synthetized to triacylglycerols levhi-MGs are
eventually hydrolyzed by pancreatic lipase to fis®y acids and glycerol
[15,149,150,155].
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Table 10. Stability of the isomerization of spiked®/1-AG-d5 and 2/1-OG-d5 in stored plasma

Ratio
Time, 30 min at
Spiked analyte Time O room temperature Time, 20 days at -2C Time, 20 days at -8C
2-AG-d5 ISO1/1S02 0.08 £ 0.01 0.46 +0.06 0.83.85 0.41+0.01
1-AG-d5 1ISO2 /1S01 0.01+0.01 0.04 £0.01 0.00.a1 0.03+0.01
2-0G-d5 ISO1/1S02 0.08 £0.01 0.36 £ 0.06 0.98@3 0.36 £ 0.06
1-0G-d5 ISO2/1S01 0.13+0.03 0.13+0.03 0.12a4 0.13+0.03

A pool of plasma was spiked separately with thetetated analogs of the isomer 1 (ISO1) and isom@B@2) of AG and OG. Aliquots
were distributed in cryotubes and chemical stabditthe isomer ratio (ISO1/1ISO2 and ISO2/ISO1) wasessed upon conservation at time

0, 30 min at room temperature, 20 days atC2®r 20 days at -8C. Data are presented as mea8D of replicate analysig. Lipid Res.
2014;55:966-77
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Table 11. Stability of the isomerization of endogesus 2/1-AG, 2/1-
LG, and 2/1-OG in stored plasma

Ratio ISO1 /1SO2

Endogenous analyte Time 2h at 4C Time 2h at room temperature
2/1-AG 0.09 +0.10 0.32+0.24
2/1-LG 0.43+0.13 0.76 £ 0.10
2/1-0G 0.28 + 0.08 0.57 £ 0.06

The stability of the isomer 1/isomer 2 (ISO1/IS@&fjio of endogenous 2/1-AG,
2/1-LG, and 2/1-OG was assessed in plasma of tifesrent volunteers which
was kept 2 h at€ or room temperature after extraction from theuatder. Data

are presented as mearsD of triplicate analysegLipid Res. 2014;55:966-77

In summary we have validated a method for therdetation of
a range of MG and NAE in plasma. The developed atktls able to
preserve the original isomeric ratio of MG. We hdeeind that the
chemical isomerization of MG can only be avoided d@y immediate
processing (at cold temperature and acid pH) aatysis of samples. Due
to the instability of MG to isomerization during regervation of the
plasma we recommend to report MG concentrationth@sum of both

iIsomers (isomer 1 and isomer 2).
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5.2 Applicability of the endocannabinoid
guantification method in clinical and translation

studies

The developed methodology for endocannabinoids Je@d
endocannabinoids related compounds quantificates been applied in
the study discussed in section 5.3 of this thésml¢cannabinoids, weight
categories and olfaction). In addition, and in @odiration with other
research groups, the methodology for eCB quantidicehas been applied
in the following clinical and translational studi@ables 12A, 12B, 12¢

grouped as:

0] clinical and translational studies related to cogni and
affective disorders.
(ii) clinical and translational studies related with gli

categories and cognition
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Table 12A. Applicability of the endocannabinoid quatification method in clinical and translational studies related to

cognition and affective disorders

Title Authors Journal Tissue Species

Differential role of anandamide and 2- Busquets-Garcia A, Biol Whole brain Mice

arachidonoylglycerol in memory and anxiety-like Puighermanal EPastor A, Psychiatry.
de la Torre R, Maldonado R, 5011:70: 479—

responses. _
Ozaita A. 486
Targeting the endocannabinoid system in the Busquets-Garcia A, Gomis- Nat Med. Whole brain Mice
treatment of fragile X syndrome. Gonzalez M, Guegan T, 2013;19: 603—
Agustin-Pavon CPastor A, g7
Mato S, et al.
Cognitive Impairment Induced by Delta9- Vifials X, Moreno E, PLoS Biol. Whole brain Mice
tetrahydrocannabinol Occurs through Lanfumey L, Cordomi A, 2015:13:
Heteromers between Cannabinoid CB1 and Pastor A, laTorre de R, et 51002194
Serotonin 5-HT2A Receptors al.
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Table 12B. Applicability of the endocannabinoid quatification method in clinical and translational studies related to

cognition and affective disorders

Title Authors Journal Tissue Species
Sex differences in psychiatric Pedraz M, Araos P, Garcia- Front Plasma Human
comorbidity and plasma biomarkers for  Marchena N, Serrano A, Romero- Psychiatry.
cocaine addiction in abstinent cocaine- Sanchiz P, Suarez J, et al. 2015;6: 17
addicted subjects in outpatient settings
Role of the endocannabinoid system in La Porta C, Bura SA, Llorente- Pain. 2015;156: Amygdala, Mice,
the emotional manifestations of Onaindia JPastor A, Navarrete F, 2001-2012 Hippocampus, Human
osteoarthritis pain. Garcia-Gutiérrez MS, et al. Prefrontal cortex,

Plasma
Evaluation of plasma-free Pavon FJ, Araos Rastor A, Addict Biol. Plasma Human
endocannabinoids and their congeners in Calado M, Pedraz M, Campos- 2013;18: 955-969
abstinent cocaine addicts seeking Cloute R, et al.

outpatient treatment: impact of
psychiatric co-morbidity.
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Table 12C. Applicability of the endocannabinoid quatification method in clinical and translational studies related with

weight categories and cognition

Title Authors Journal Tissue Species
Moderate-vigorous physical activity across body Fernandez-Aranda F, PloS One Plasma Human
mass index in females: moderating effect of Sauchelli SPastor A, 2014:9: e104534.
endocannabinoids and temperament Gonzalez ML, la Torre

de R, Granero R, et al.
Modulation of the Endocannabinoids N- Fagundo AB, de la Torre PLoS One 2013 Plasma Human
Arachidonoylethanolamine (AEA) and 2- R, Jiménez-Murcia S, Jun
Arach.idon(.)ylglycerol (2-AG) on Executive Agiiera Z,Pastor A, et 19;8(6):€66387.
Functions in Humans al
Diet-dependent modulation of hippocampal Rivera P, Luque-Rojas Eur J Neurosci.  Hippocampus Rat
expression of endocannabinoid signaling-related MJ, Pastor A, Blanco E, 2013;37: 105—
proteins in cannabinoid antagonist-treated Pavon FJ, Serrano A, et 117
obese rats.

al.
Pharmacological blockade of the fatty acid Rivera P, Bindila L, Front Cell Plasma Rat

amide hydrolase (FAAH) alters neural
proliferation, apoptosis and gliosis in the rat
hippocampus, hypothalamus and striatum in a
negative energy context

Pastor A, Pérez-Martin  Neurosci
M, Pavon FJ, Serrano A, 982015;9:
et al.
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5.3 Endocannabinoids, weight categories and

olfaction

The concentrations of eCBs and eCB-like compounideach
BMI sample group are presentedRigures 15, 16, 17 and 18 Plasma
concentrations of 2-monoacylglycerols 2-AG, 2-LGdaB-OG were
significantly elevated in obese and morbidly obssigjects, while plasma
concentrations of N-acylethanolamines AEA, LEA aREA were

significantly lower in under-weight subjects.
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Figure 15 Endocannabinoid plasma concentrationsBox plots of plasma
concentrations of 2-arachidonoyl glycerol (2-AG))(Aand anandamide (AEA)
(B) of subjects from each of the body mass indeM|{jBsub-groups. The median
is represented as a line within the box plot arel rttean is represented as a +
sign. Significant differences (p<0.05) in eCB camcations between BMI

subgroups are marked as asterisks (*). Outliersegmesented as points.
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Figure 16. Endocannabinoid-like plasma concentrationsBox plots of
plasma concentrations of N-docosahexaenoylethameda(®HEA) (A), and N-
linoleoylethanolamine (B) of subjects from eachtled body mass index (BMI)
sub-groups. The median is represented as a litgrvithie box plot and the mean
is represented as a + sign. Significant differer{pe®.05) in eCB concentrations

between BMI subgroups are marked as asteriskgOjliers are represented as

points.
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Figure 17. Endocannabinoid-like plasma concentrationsBox plots of
plasma concentrations of N-oleoylethanolamine (OE#&\), and N-
palmitoylethanolamine (PEA) (B) of subjects frontleaf the body mass index
(BMI) sub-groups. The median is represented ageaviithin the box plot and the
mean is represented as a + sign. Significant eiffees (p<0.05) in eCB
concentrations between BMI subgroups are markemktesisks (*). Outliers are

represented as points.
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Figure 18 Endocannabinoid-like plasma concentrationsBox plots of
plasma concentrations of 2-linoleoyl glycerol (2)L(&), and 2-oleoyl glycerol
(2-0OG) (B) of subjects from each of the body masex (BMI) sub-groups. The
median is represented as a line within the box ok the mean is represented as
a + sign. Significant differences (p<0.05) in eCé@ncentrations between BMI

subgroups are marked as asterisks (*). Outliersegmesented as points.
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Olfactory scores of each BMI sample group are mreskin
Figures 19 and 20TDI scores are shown in relation to the TDI soaofre
<30.3, typically used in clinics for hyposmia diagtic[132]. TDI scores
were significantly lower in obese and morbidly abesubjects. With
respect to the olfactory sub-tests OT and Ol scarese significantly

lower in obese subjects but not in morbidly obedgexts.
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Figure 19. Olfactory scores.Box plots of odor threshold-discrimination-
identification (TDI) scores (A), and odor threshaldores (B) of subjects from
each of the body mass index (BMI) sub-groups. Tleeliem is represented as a
line within the box plot and the mean is represg¢rdas a + sign. Significant
differences (p<0.05) in olfactory scores betweenlBMbgroups are marked as
asterisks (*). Outliers are represented as poibiscontinuous line in (A)

represents the TDI score of 30.3 that separatesommia from hyposmia.
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Figure 20. Olfactory scores.Box plots of odor discrimination scores- (A),
and odor identification scores (B) of subjects freath of the body mass index
(BMI) sub-groups. The median is represented aseaviithin the box plot and the
mean is represented as a + sign. Significant @iffees (p<0.05) in olfactory
scores between BMI subgroups are marked as astefigk Outliers are

represented as points.
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Next, we assessed the correlation of olfactoryescanith the other study
variables. TDI scores negatively correlated witke,agMI|, %body fat, 2-
AG, 2-LG, 2-0G, triglycerides and glucosSeaple 13.
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Table 13. Olfactory scores correlations

RESULTS AND DISCUSSION

Odor threshold

Odor discrimination

Odor identifioa

TDI

Age (yrs)

BMI (Kg/m?)
%body fat
2-AG (ng/mL)
2-LG (ng/mL)
2-0G (ng/mL)

Triglycerides (mg/dL)

Glucose (mg/dL)

r=-0.16, p=0.049
r=-0.17, p=0.030
r=-0.21, p=0.009
r=-0.23, p=0.004
r=-0.15, p=0.063
r=-0.14, p=0.080
r=-0.10, p=0.209
r=-0.08, p=0.307

r=-0.21, p=0.008
r=-0.20, p=0.011
r=-0.23, p=0.004
r=-0.23, p=0.004
r=-0.20, p=0.015
r=-0.18, p=0.025
r=-0.15, p=0.065
r=-0.19; p=0.023

r=-0.25, p=0.002
r=-0.31, p<@.00
r=-0.27, p=0.001
r28, p=0.003
r=-0.20, p=0.017
r18) p=0.024
r=-0.18, p=0.025
=-0r21; p=0.009

r=-0.29, p<0.001
r=-0.32, p<0.001
r=-0.33, p<0.001
r=-0.33, p<0.001
r=-0.26, p=0.001
r=-0.24, p=0.003
r=-0.21, p=0.010
r=-0.23; p=0.005

Odor threshold-discrimination-identification scdfEDIl), body mass index (BMI), 2-arachidonoylglyck(@-AG), 2-linoleoylglycerol (2-
LG), 2-oleoylglycerol (2-OG)
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We noted that triglycerides and glucose did notetate with OT. Since
olfaction may be affected by many factors, we stddhe association of
TDI with the other study variables by means of ANGOmodels that

controlled for age, smoking, menstruation, anduse of contraceptives.
The variables of menstruation and the use of coeptves were included
in the models to take into account the effect ohopause, normal or
irregular menstruation, and the use of contraception olfaction. We
found that lower TDI scores were independently essed with higher

BMI [B=-0.09 (-0.17,-0.01; 95% ClI), p=0.026,R = 0.16], higher

%body fat [B=-9.97 (-18.0,-1.92 ; 95% CI), p=0.088;04e = 0.17], and

higher 2-AG circulating concentrations [B=-0.83.44,-0.20; 95% CI),

p=0.010, B, oqe= 0.17].

Results of the present work show that obese stshifwe a lower
olfactory capacity than non-obese ones and thaatld circulating 2-AG
concentrations associated to higher BMI are alséeli to a lower
olfactory capacity. In agreement with previous madve show that eCBs
AEA and 2-AG, and their respective congeners hadéetnct profile in

relation to body mass index.

Olfaction seems to be affected by the nutritistatus [121]. The
olfactory tests were performed in the time perietheen breakfast and
lunch, and subjects could not have eaten on thequ® hour at the start
of test. A high hunger state increases olfactonsiseity [156,157] and
food palatability [156]. It is noteworthy that sted have reported
differences in olfactory threshold under hungesatiety between neutral
and food odors [157,158] or in the pleasantnessodbrs [158].
Interestingly, in a recent study it was reporteat thbese subjects have a

greater sensitivity and preference for the odarhafcolate than non-obese
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subjects [159]. This is in contrast to our resiftsvhich we used the

neutral odorant n-butanol for the OT test. Thedkem@inces are possibly
due to the different hedonic value of odors, espiscthe food-related

ones. For instance, it also has been reportedotiege subjects perceive
the odor of black pepper oil as less pleasant tham-obese subjects
[160].

Obese and morbidly subjects had a lower olfactaqyacity than
normal-weight subjects. Ol and OT were the olfactdomains more
affected by an increase of BMI. In this study wd dot observe a worse
olfactory capacity in morbid obese vs obese subjexs reported
previously [116]. The decrease in olfactory capaait obesity may be
explained by a loss of olfactory neurons due tagh fiat diet, as it has
been observed in mice [161]. It is noteworthy thamnice models of diet-
induced obesity, the levels of eCBs, the expressioeCB biosynthetic
and inactivating enzymes and the expression of etBptors are altered
in the hippocampus [162,163], a region that paéitds in the formation
of odor memories, mediates hedonic aspects of ggaind influences
cognitive processes. It has been hypothesizedathdestern diet rich in
saturated fat and sugar leads to obesity due tmbmlogical changes in
the hippocampus that affect cognitive function, csipeally in memory
and learning functions necessary for the inhibitooptrol in response to
food cues [164]. Cognitive functions related tcaotfon are also relevant
in humans with regard to learning a flavor duringastion [110]. Finally,
it has been reported previously that 2-AG circulgtievels inversely

correlate with cognitive flexibility [165].

The over-activation of the eCB system in obesitgynhead to
changes in olfactory perception and eating behadqrevious report has

shown that cannabinoids decrease odor threshold séintilate food
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intake in fasted mice by means of olfactory proesg4321]. In the present
study, we found that a reduced olfactory capacstyrelated to high
circulating 2-AG concentrations and high BMI. Penmat high eCB
concentrations associated to obesity may lead aptaxd responses such
as resistance to eCB signaling. For instance, anahexposure to a high-
fat, palatable diet in mice has been shown to dser¢he expression of
the CB1 receptor in the nucleus accumbens shellh#donic “hotspot”,
and in the hippocampus [166]. An alteration of relaathways has been
postulated as one possible cause for obesity [@3his work we did not
quantify food enjoyment, but a loss of flavor doeat reduced olfactory
capacity could shift the diet to eating more higilodc and palatable
foods [111]. In addition, satiety mechanisms ttely ron the olfactory

system, such as olfactory sensory-specific satiety be affected [167].

2-AG circulating concentrations, but not AEA onesgre
inversely associated with olfactory capacity. 2-Adas also the eCB
associated with obesity. Our results are in agreémih previous studies
that relate 2-AG but not AEA with %visceral fat amtyslipidemia
[93,96,97]. Notably, olfactory capacity was als@ersely associated to
%body fat. Although 2-AG and AEA are both agonst<CB1 receptors
and they share the backbone of arachidonic acitheir structure they
have different biosynthetic and degradation roy8€§, which suggest
they play a different modulatory role. With regdaadthe modulation of
food intake by eCBs, an elegant experiment of Meotee et. al. [168]
showed an increase in 2-AG concentrations but hosd of AEA
associated to hedonic eating. We also note thhbwdh unrelated to
differences in olfactory capacity, AEA concentrasowere lower in
healthy under-weight subjects. This is oppositeth® eCB profile in
anorexia, as anorexic subjects have elevated ctratiens of AEA and

unchanged concentrations of 2-AG [169]. Circulatouncentrations of
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eCB-related compounds mimicked the differentiahdreof eCBs AEA
and 2-AG with regard to the BMI of the participarifie collective low
concentrations of N-acylethanolamines AEA, LEA, &BA in under-
weight subjects and the collective high concerdreti of 2-
monoacylglycerols 2-AG, 2-LG and 2-OG in obese amatbidly obese
subjects suggest an up-regulation and/or down-a¢igul of the enzymes
responsible for eCB biosynthesis and inactivatidfith the exception of
AEA and 2-AG, the rest of N-acylethanolamines and 2
monoacylglycerols do not bind to CB1 or CB2 receptand have
different molecular targets. However, they are ¥ymbisesized and
degraded by the same enzymes that metabolize AEA ZAG
respectively [34]. In obese subjects, an up-reguiabf diacylglycerol
lipasea (DAGLa), the enzyme that biosynthesizes 2-AG and ther @he
acylglycerols, and a down-regulation of monoacyghpl lipase
(MAGL), the enzyme that degrades 2-AG and othera&macylglycerols,
have been reported [170]. Studies also have repatat a down-
regulation of fatty acid amide hydrolase (FAAH),etkenzyme that
degrades AEA and other N-acylethanolamines, iscis®al to obesity
[95,170,171]. In our study, however, we did not exbe significant

differences in N-acylethanolamine concentrationshiase subjects.

In summary we have shown that obese subjects halmver
olfactory capacity than non-obese ones and thaatdd circulating 2-AG
concentrations are linked to a lower olfactory @iyaln agreement with
previous studies we showed that elevated 2-AG cura®ns were
linked to high BMI and obesity. Obese subjects teaficits in both odor
threshold (OT) and odor identification (Ol) capgcif decrease in Ol
capacity may be related to cognitive deficits asged to obesity. Lower
AEA and other NAE concentrations were associatetbwo BMI, while
high 2-AG and other 2-MG concentrations were asgedito high BMI,
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suggesting a possible differential up-regulatiordown-regulation of the
enzymes that biosynthesize and inactivate NAE aii32in these two

extreme weight categories.

We cannot yet link a lower olfactory capacity aseault of a
dysregulated eCB system in obesity since thisasas-over study, and a
cause-effect cannot be inferred from these dates. Sthdy has also other
limitations that need to be addressed in futuredistu One, the
conclusions cannot be applied to the general ptpolaand only to
women. These findings should be replicated in &, the relationship
between plasma and brain eCB concentrations isamknWe make the
assumption that peripheral eCB concentrations iaradrkers of the state
of the brain eCB system. The origin of plasma e€Briknown and they
may be originated in part from organ spillover. dérthe collection time
for eCB analysis was different than the time tinat ¢lfactory tests were
performed. Plasma for eCB analysis was collectest af 12h fast, while
olfactory tests were performed in the time perietween breakfast and
lunch. Although subjects could not have eaten atpttevious hour at the
start of the test, the experimental conditions wesethe same for these
two biological factors, which are the eCB systerd alfaction. And last,
future studies should also include food-relatedrediue to their known
effects on olfactory thresholds, and for the statiyrain reward circuits

and food enjoyment.
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CONCLUSIONS

6.1 Method for the guantification of

endocannabinoids in human plasma

1. We have validated a method for the determinatioa ofnge of
endocannabinoids and endocannabinoid related camdgoin
human plasma following international quality stamida
requirements. This method has been adapted to wihigices and
species.

2. Peripheral endocannabinoids (eCBs) concentratiams €tlinical
studies or animal models greatly depend on sangdlection and
sample time processing conditions that take placene clinical
and laboratory settings due to the natural preseh@nzymatic
activity in plasma. We have been able to overcont#a control

most factors contributing to eCBs quantificatiomiatility.

a. We have been able to provide an approach to prefent
artefactual generation of 2-arachidonoylglycerolA@)
and other 2-monoacylglycerols (2-MG) in plasma
consisting on the use of lipase inhibitor Orlistat be
added to samples freshly collected

b. The immediate centrifugation in refrigerated coiodi¢ of
blood samples and separation of plasma from blood t
avoid the release of N-acylethanolamines (NAE)hsag
anandamide (AEA) from blood cells is required.

c. The developed method is able to preserve the atigin
isomeric ratio of monoacylglycerols (MG). We have

found that the chemical isomerization of MG carnyde
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avoided by an immediate processing (at cold tentpera
and acid pH) and analysis of samples.

d. Due to the instability of 2-monoacylglycerols (2-Y1@®
iIsomerization during conservation of the plasmasit
recommended reporting MG concentrations as theafum

both isomers (isomer 1 and isomer 2).

6.2 Endocannabinoids, weight categories and
olfaction

3. We have shown that obese subjects have a lowectalfa
capacity than non-obese ones and that elevatedlatirg 2-AG
concentrations are linked to a lower olfactory citya

4. In agreement with previous studies we showed tletated 2-
arachidonoylglycerol (2-AG) concentrations werekdid to high
BMI and obesity.

5. Lower anandamide (AEA) and other N-acylethanolasifAE)
concentrations were associated to low BMI, whilghh2-AG and
other 2-monoacylglycerols (2-MG) concentrations aver
associated to high BMI, suggesting a possible whffeéal up-
regulation or down-regulation of the enzymes thasynthesize
and inactivate NAE and 2-MG in these two extremegite
categories.

6. Obese subjects have deficits in both odor threst@Id and odor
identification (Ol) capacity. A decrease in Ol ceipa may be

related to cognitive deficits associated to obesity
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Abstract The analysis of peripheral endocannabinoids
(ECs) is a good biomarker of the EC system. Their concen-
trations, from clinical studies, strongly depend on sample col-
lection and time processing conditions taking place in clinical
and laboratory settings. The analysis of 2-monoacylglycerols
(MGs) (i.e., 2-arachidonoylglycerol or 2-oleoylglycerol) is a
particularly challenging issue because of their ex vivo for-
mation and chemical isomerization that occur after blood
sample collection. We provide evidence that their ex vivo
formation can be minimized by adding Orlistat, an enzy-
matic lipase inhibitor, to plasma. Taking into consideration
the low cost of Orlistat, we recommend its addition to
plasma collecting tubes while maintaining sample cold chain
until storage. We have validated a method for the determi-
nation of the EC profile of a range of MGs and N-acyletha-
nolamides in plasma that preserves the original isomer ratio
of MGs. Nevertheless, the chemical isomerization of 2-MGs
can only be avoided by an immediate processing and analy-
sis of samples due to their instability during conservation Hi
We believe that this new methodology can aid in the harmo-
nization of the measurement of ECs and related compounds
in clinical samples.—Pastor, A., M. Farré, M. Fit6, F. Fernan-
dez-Aranda, and R. de la Torre. Analysis of ECs and related
compounds in plasma: artifactual isomerization and ex vivo
enzymatic generation of 2-MGs. J. Lipid Res. 2014. 55:
966-977.
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The neuromodulatory activities of the endocannabinoid
(EC) system are involved in many human physiological
and pathological functions (1-5). It comprises: i) two G-
protein-coupled receptors, known as cannabinoid (CB)1
and CB2; i) endogenous ligands for these two receptors,
known as ECs, N-arachidonoyl ethanolamine [AEA (anan-
damide) | and 2-arachidonoylglycerol (AG) being the most
studied; and ) proteins that regulate EC tissue concen-
tration (anabolic and catabolic enzymes), cellular distribu-
tion (EC-binding proteins and transporters), and CB
receptor activity (CB receptor-interacting proteins) (1).

In addition to AEA and 2-AG, there are a number of

structurally related compounds, also known as EC-related
compounds (ERCs), derived from less unsaturated fatty
acids: N-acylethanolamides (NAEs) such as N-linoleoyl
ethanolamide (LEA), N-oleoyl ethanolamide (OEA), N-
palmitoyl ethanolamide (PEA), N-palmitoleoyl ethanolamide

Abbreviations: AEA, N-arachidonoyl ethanolamide; AG, arachi-
donoylglycerol; Am. Ac., ammonium acetate; CB, cannabinoid; CV,
coefficient of variation; DAG, diacylglycerol; DAGL, sn-1-diacylglyc-
erol lipase; DEA, N-docosatetraenoyl ethanolamide; DGLEA, N-dihomo-
v-linolenoyl ethanolamide; DHEA, N-docosahexaenoyl ethanolamide;
EC, endocannabinoid; EPEA, N-eicosapentaenoyl ethanolamide;
ERC, endocannabinoid-related compound; ISTD, internal standard;
LEA, N-inoleoyl ethanolamide; a-LEA, N-a-linolenoyl ethanolamide;
LG, linoleoylglycerol; LLOQ, lower limit of quantification; LOD, limit
of detection; MG, monoacylglycerol; MRM, multiple reaction monitor-
ing; NAE, N-acylethanolamide; OEA, N-oleoyl ethanolamide; OG,
oleoylglycerol; PEA, N-palmitoyl ethanolamide; POEA, N-palmitoleoyl
ethanolamide; QC, quality control; QC-H, quality control-high; QC-L,
quality control-low; QC-M, quality control-mid; RF, response factor; SA,
surrogated analyte; SEA, N-stearoyl ethanolamide; TBME, tert-butyl-
methyl-ether.
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(POEA), and N-stearoyl ethanolamide (SEA), among others.
Analogously, for the 2-monoacylglycerol (MG) series,
there are also homologs such as 2-oleoylglycerol (OG) and
2-linoleoylglycerol (LG). Most of these molecules do
not directly bind to CB receptors but may enhance/mod-
ify the actions of ECs (entourage effect) (6) or display bio-
logical activities related to their interactions with other
receptors such as GPR119 (OEA, POEA, LEA, 2-OG) (7, 8),
transient receptor potential vanilloid type 1 (TRPV1) (OEA),
GPR55 (PEA), or PPAR-a (OEA) (9). Finally, two putative
ECs, N-eicosapentaenoyl ethanolamide (EPEA) and
N-docosahexaenoyl ethanolamide (DHEA), derived from
the n-3 polyunsaturated fatty acids, are able to bind with
low affinity to the CB1 and CB2 receptors and may have
biological significance in the brain (10, 11).

A number of publications have been devoted to the
analysis of ECs in plasma, and an effort has recently been
made to establish reference intervals for five ECs in hu-
man plasma (12). As the chemistry and biology of ECs are
better understood, so is the need to improve measure-
ments in human plasma through greater control of factors
that introduce variability. At present, such factors still limit
the interchangeability of EC plasma concentrations from
clinical studies. It has already been established that the
chemical properties of ECs, with respect to their stability
during analytical procedures (extraction solvents, pH con-
ditions, and evaporation of organic solvents) and their
absorption by glassware and plastic materials, are very rel-
evant factors to take into consideration. A comprehensive
review has provided a full discussion on these issues (13)
and several analytical methods have already taken these
factors into account (12, 14). Discrepancies among labora-
tories probably originate from preanalytical sample pro-
curement protocols and compound-specific factors.

Concerning biological matrices, ECs are unstable in those
where enzymes are involved in their synthesis and clearance:
the fatty acid amide hydrolase hydrolyzes AEA to arachidonic
acid and ethanolamine, and the MG lipase is responsible for
the hydrolysis of 2-AG to arachidonic acid and glycerol. Nev-
ertheless, accumulated experience suggests that the incor-
poration of unspecific enzyme inhibitors of amidases, esterases,
and proteases, such as PMSF, to sample collection tubes is
not justified. However, blood-containing tubes not centri-
fuged immediately in cold conditions after withdrawal may
cause artifactual exaggerated NAE concentrations due to ex
vivo release of from erythrocytes or leukocytes (12). Addi-
tionally, it has been reported that ex vivo synthesis of 2-AG for
plasma preserved at room temperature and abundant
2-AG/1-AG isomerization is due to sample analysis condi-
tions (12, 14). The two main ECs, AEA and 2-AG, are pro-
duced from different biosynthetic pathways. AEA is generated
from N-arachidonoyl phosphatidylethanolamines by several
possible biosynthetic routes with multiple enzymes im-
plicated: the N-acyl phosphatidylethanolamine-specific
phospholipase D, the a,3-hydrolase-4 (ABHD4), the glyc-
erophosphodiesterase-1 (GDEL), a soluble phospholipase
A2, an unidentified phospholipase C, and phosphatases (15).
In contrast, the biosynthetic precursors for 2-AG, the sn-1-
acyl-2-AGs, are mostly produced by phospholipase Cf acting

on membrane phosphatidylinositols, and then being con-
verted to 2-AG by the action of either of two isoforms of the
same enzyme, the sn-1-diacylglycerol lipases a and 3 (DAGL«
and DAGL) (15, 16).

In clinical studies, the determination of ECs and ERCs is
limited by methodological issues which particularly concern
2-MGs. Both their chemical isomerization and ex vivo gen-
eration are major issues that limit their inclusion as disease/
physiological biomarkers. The aim of the present work is to
improve current available methodological approaches for a
better understanding of the biological significance of ECs.

MATERIALS AND METHODS

Chemicals and laboratory material

Ammonium acetate (Am. Ac.), acetic acid, tert-butyl-methyl-
ether (TBME), acetonitrile, and formic acid were from Merck
(Darmstadt, Germany). 1-AG, 1-AG-d5, 2-AG, 2-AG-d5, 2-AG-d8,
2-LG, 1-LG, AEA, AEA-d4, AEA-d8, N-docosatetraenoyl ethanol-
amide (DEA), N-dihomo-y-linolenoyl ethanolamide (DGLEA),
DHEA, DHEA-d4, LEA, LEA-d4, PEA, PEA-d4, POEA, POEA-d4,
OEA, OEA-d4, and SEA were from Cayman Chemical (Ann
Harbor, MI). 1-OG and 2-OG were from Sigma-Aldrich (St. Louis,
MO). 1-OG-d5 and 2-OG-d5 were from Toronto Research
Chemicals (North York, ON, Canada). FIPI hydrochloride (CAS
939055-18-2), D609 (CAS 83373-60-8), edelfosine (CAS 77286-
66-9), and GSK 264220A (CAS 685506-42-7) were from Tocris
Bioscience (Bristol, UK). Orlistat (tetrahydrolipstatin) was from
Cayman Chemical. KT172, KT109, and RHC 80267 (CAS 83654-
05-1) were from Sigma-Aldrich. KIMAX 16 x 125 mm screw cap
glass borosilicate tubes were from Kimble Chase (Mexico). Nunc
1.8 ml cryotube vials were from Thermo Fisher Scientific (Rosk-
ilde, Denmark). Ultrapure deionized water was produced by a
Milli-Q Advantage A10 system from Millipore (Madrid, Spain).

Standard solutions

The purity of the NAE standards AEA, DEA, DGLEA, DHEA,
DHEA, LEA, PEA, PEA, POEA, POEA, OEA, and SEA was >98%
as provided by the manufacturer. Purity of the MG standards was
>95% for 2-AG, 1-AG, and 2-LG; >94% for 2-OG; >99% for 1-OG;
and >90% for 1-LG. The 2-MG standards were a combination of
90% isomer 2 and 10% isomer 1. The isomeric purity of the MG
standards and their deuterated analogs was verified by injecting
the individual standard solutions into the LC/MS-MS system with
the following results: 91.2%, 2-AG; 91.5%, 2-AG-d5; 100%, 1-AG;
100%, 1-AG-d5; 97.83%, 2-OG; 94.3%, 2-OG-d5; 100%, 1-OG;
88.0%, 1-OG-d5; 98.7%, 2-L.G; and 100%, 1-LG. The isotopic pu-
rity of the deuterated analogs of NAEs and MGs was >99% for all
compounds. Stock and working standard solutions were pre-
pared in acetonitrile and stored at —20°C. While working stan-
dard solutions of up to 10 wg/ml were stable for protracted
periods of time, a limited solubility was observed at a higher
concentration (1 mg/ml) of stock solutions of saturated and
monounsaturated NAEs and MGs after conservation at —20°C .
Two mixtures of internal standards (ISTDs) were used: ISTD
mix 1 prepared at 0.01 pg/ml AEA-d4, 0.01 wg/ml DHEA-d4,
0.02 wg/ml LEA-d4, 0.04 pg/ml PEA-d4, 0.04 ng/ml OEA-d4,
0.2 pg/ml 2-AG-d5, and 1 pg/ml 2-OG-d5; and ISTD mix 2 pre-
pared at 5.0 pg/ml 2-AG-d8 and 0.25 wg/ml AEA-d8. The two
mixes of ISTD were spiked into the plasma samples at a fixed
volume of 25 ul. The structures of the EC analytes and deuterated
analogs are represented in Figs. 1 and 2.

2-Monoacylglycerols: ex vivo generation and isomerization 967
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Fig. 1. Structures of the ECs and ERCs.
Human volunteers Sample preparation

Three human male volunteers were recruited for the pro- Freshly extracted blood from human volunteers was collected in

curement of blood samples following protocol MUESBIOL/1
(protocol for the collection of biological samples for biomedi-
cal research studies). Twen?r—ﬁve female healthy control volun-
teers with a BMI of <25 kg/m” were recruited for the procurement
of blood samples following the TANOBE protocol. Both proto-
cols were approved by the Ethical Committee of Parc de Salut
Mar Barcelona (CEIC-PSMAR) and comply with the Declara-
tion of Helsinki. An informed consent was obtained from the
human subjects.
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10 ml K2E 18.0 mg (EDTA) BD Vacutainer tubes and centrifuged
immediately for 15 min at 2,800 gin a refrigerated centrifuge (4°C).
Plasma was then immediately separated from the blood and distrib-
uted in aliquots for further processing or stored at —80°C. Discarded
human plasma batches from the Blood Bank of Hospital del Mar of
Barcelona were used for the validation experiments.

Plasma samples were thawed in less than 30 min at room tem-
perature and processed on ice. Aliquots of 0.5 ml were trans-
ferred into glass borosilicate tubes, spiked with 25 pl of ISTD mix
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Fig. 2. Structures of the deuterated analogs of ECs and ERCs.
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TABLE 1. Experimental LC/MS-MS parameters for the analyte detection
Analyte MW T(min) V(%) P(mA)  Q(m/) 1 (m/2) F(V)  CE (eV) ISTD RF*
2-AG 378.6 7.65 0.08 379.2 287 269, 203 135 12 2-AG-d5 1.00
1-AG 378.6 7.77 0.30 379.2 287 269, 203 135 12 2-AG-d5 1.00
2-LG 354.5 7.76 0.06 355.2 263 245, 337 135 12 2-0G-d5 0.79
1-LG 354.5 7.94 0.08 355.2 263 245, 337 135 12 2-0G-d5 0.79
2-0G 356.5 8.61 0.41 357.3 265 247, 339 135 12 2-0G-d5 1.00
1-0G 356.5 8.82 0.08 357.3 265 247, 339 135 12 2-0G-d5 1.00
AEA 347.5 7.22 0.07 348.3 62 44, 287 135 12 AEA-d4 1.00
DEA 375.6 7.99 0.08 376.3 62 44 135 12 AFA-d4 1.26
DGLEA  349.6 7.61 0.08 350.2 62 44 135 12 AEA-d4 1.68
DHEA  371.6 7.11 0.07 372.6 62 44 135 12 DHEA-d4  1.00
EPEA 345.5 6.66 0.13 346.2 62 44 135 12 AEA-d4 1.00
LEA 323.5 7.26 0.07 324.5 62 44 135 12 LEA-d4 1.00
o-LEA 3215 6.66 0.11 322.2 62 44 135 12 LEA-d4 1.00
OEA 325.5 8.05 0.06 326.1 62 44, 309 135 12 OFEA-d4 1.00
PEA 299.5 7.81 0.07 300.1 62 44, 283 135 12 PEA-d4 1.00
POEA 2975 6.94 0.08 298.2 62 44 135 12 PEA-d4 1.00
SEA 3275 9.11 0.07 328.1 62 44, 311 135 12 OEA-d4 1.00

MW, molecular weight; T, retention time; P, precursor ion; Q, quantifier product ion; I, identifier(s) product

ion(s); F, fragmenter; CE, collision energy.

“Response factor of the analyte versus the internal standard.

1 or mix 2, diluted up to 1 ml with 0.1 M Am. Ac. buffer (pH 4.0),
extracted with 6 ml of TBME, and centrifuged (3,500 rpm, 5 min)
at room temperature. The organic phase was transferred to clean
tubes, evaporated (40°C, 20 min) under a stream of nitrogen,
and extracts were reconstituted in 100 pl of a mixture of
water:acetonitrile (10:90, v/v) with 0.1% formic acid (v/v) and
transferred to HPLC vials. Twenty microliters were injected into
the LC/MS-MS system.

LC/MS-MS analysis

An Agilent 6410 triple quadrupole mass spectrometer (Agilent
Technologies, Wilmington, DE) equipped with a 1200 series bi-
nary pump, a column oven, and a cooled autosampler (4°C) was
used. Chromatographic separation was carried out with a Waters
C18-CSH column (8.1 x 100 mm, 1.8 pum particle size) maintained
at 40°C with a mobile phase flow rate of 0.4 ml/min. The composi-
tion of mobile phase A was 0.1% (v/v) formic acid in water and
mobile phase B was 0.1% (v/v) formic acid in acetonitrile. The
initial conditions were 40% B. The gradient was first increased lin-
early to 90% B over 4 min, then increased linearly to 100% B over
5 min and maintained at 100% B for 3 min, to return to initial
conditions for a further 4 min with a total run time of 16 min. The
ion source was operated in the positive electrospray mode. A des-
olvation gas temperature of 350°C and a gas flow rate of 10 1/min
were used. The pressure of the nebulizer was set at 40 psi and the
capillary voltage at 4,000 V. The multiple reaction monitoring

(MRM) mode was employed for quantification. The experimental
MS conditions for each compound are listed in Tables 1 and 2.

Linearity

The linearity of the method was assessed for seven surrogated
analytes (SAs) by construction of calibration curves using plasma
samples spiked with deuterated analogs of NAEs and MGs. Analy-
sis was performed in quadruplicate for the following SAs: AEA-d4,
LEA-d4, PEA-d4, OEA-d4, DHEA-d4, 2-AG-d5, and 2-OG-d5. The
ISTDs were 2-AG-d8 and AEA-d8 (ISTD mix 2), which have ad-
ditional deuterium atoms in their structure. 2-AG-d8 was used as
ISTD of 2-MGs, and AEA-d8 as ISTD of NAEs. The regression
analyses of the calibration curves were calculated with SPSS 12.0
with a 1/x weighting factor.

Quantification

Experimental LC/MS-MS parameters for the detection of ana-
Iytes and the deuterated analogs are presented in Tables 1 and 2.
The quantification of the SAs was calculated by interpolation of
the response ratios on the calibration curves. The quantification
of the authentic analytes was carried out by isotope dilution
with the following formula: [EC]ng/ml = (ng ISTD x analyte re-
sponse) / (ISTD response x RF x ml aliquot volume). The re-
sponse factor (RF) was calculated as the ratio of the response
area of the analyte divided by the response area of its ISTD for a
standard solution mix directly injected without extraction into
the LC/MS-MS system and in which equal amounts of the analyte

TABLE 2. Experimental LC/MS-MS parameters for the deuterated analogs detection
Deuterated Analog MW T (min) Ql (m/z) Q3 (m/z) F (V) CE (eV)
2-AG-db 383.6 7.63 384.3 287 135 12
1-AG-d5 383.6 7.77 384.3 287 135 12
2-AG-d8 386.6 7.59 387.5 295 135 12
2-0G-d5 361.6 8.59 362.2 265 135 12
1-0G-d5 361.6 8.79 362.2 265 135 12
AEA-d4 351.6 7.21 352.2 66 135 12
AEA-d8 355.6 7.19 356.2 62 135 12
DHEA-d4 375.6 7.09 376.3 66 135 12
LEA-d4 327.5 7.24 3285 66 135 12
OFEA-d4 329.6 8.04 330.4 66 135 12
PEA-d4 303.5 7.79 304.4 66 135 12

MW, molecular weight; T, retention time; Q1, precursor ion; Q3, product ion; F, fragmenter; CE, collision

energy.
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and ISTD were present. A deuterated form was not commercially
available for some analytes, so a deuterated analog of another
NAE or MG with a similar structure was used as ISTD. ISTD mix
1 was used for the quantification of authentic analytes. This fit-
for-purpose approach could be employed due to the fact that the
basic structure of the NAEs and the MGs is the same, the only
difference being the length of the hydrocarbon chain and the
number and position of double bonds. For some analytes the RF
was considered 1.0 because the differences in the absolute re-
sponse were less than 10% (Table 1). We found that the responses
of 2-AG-d8 and AEA-d8 were considerably lower than their non-
deuterated forms (approximately 10-fold), although, as they were
not used in the isotope dilution quantification method, calcula-
tions were not affected. The decreased response was probably
due to the different position of the deuterium atoms in the struc-
ture of the d8 analog (and next to the double bonds) compared
with the d4 and d5 analogs (Fig. 2). In our LC/MS-MS condi-
tions, responses of the 1-MG and 2-MG isomers were the same.

Limits of detection and quantification

The mathematical estimates of the limits of detection (LODs)
and lower limits of quantification (LLOQs) of the SAs were
inferred from the equations of the curves by the following for-
mulas: LOD ng/ml = (SD of the replicates of the lowest concen-
tration on calibrator/slope) x 3 and LLOQ ng/ml = (SD of the
replicates of the lowest concentration on calibrator/slope) x 10.
Additionally, the LLOQs of the SAs were verified experimen-
tally by a six replicate analyses of plasma spiked with d4 or d5
deuterated forms of NAEs and 2-MGs at the following concentra-
tions: PEA-d4, 0.1 ng/ml; OEA-d4, 0.1 ng/ml; LEA-d4, 0.1 ng/ml;
AFA-d4, 0.02 ng/ml; DHEA-d4, 0.02 ng/ml; 2-AG-d5, 0.75 ng/ml;
and 2-OG-d5, 2.5 ng/ml. The samples were further spiked with
ISTD mix 2, which contained 2-AG-d8 and AEA-d8, and were ana-
lyzed by LC/MS-MS. The ratio of the SAs and their ISTDs was
calculated. A coefficient of variation (CV) of the ratios of less
than 20% and a signal to noise ratio greater than three were con-
sidered acceptable.

A dilution integrity experiment was carried out for lower sam-
ple volumes down to 50 pl, with no significant differences in con-
centration. However, the standard volume of the method was set
at 0.5 ml in order to be able to quantify the ECs and ERCs with
lower endogenous concentrations.

Accuracy and imprecision

The within-day and between-day accuracy and imprecision
of the method were evaluated by the quadruplicate analysis of
quality control (QC) samples at three concentration levels [QC-
low (L), QC-mid (M), and QC-high (H)] over a 3 day validation
protocol. The QC samples were prepared by spiking a batch of
plasma on top of its basal EC and ERC concentrations. QC-L was
spiked at 0.05 ng/ml POEA, DGLEA, EPEA, ALA, LEA, AFA,
DEA, and DHEA; 1 ng/ml 2-AG, PEA, OEA, and SEA; and 5 ng/
ml 2-OG and 2-LG. QC-M was spiked at 0.5 ng/ml POEA,
DGLEA, EPEA, LEA, N-o-linolenoyl ethanolamide (a-LEA),
AEA, DEA, and DHEA; 5 ng/ml 2-AG, PEA, OEA, and SEA; and
50 ng/ml of 2-OG and 2-LG. QC-H was spiked at 2.5 ng/ml
POEA, DGLEA, EPEA, LEA, o-LEA, AEA, DEA, and DHEA;
25 ng/ml 2-AG, PEA, OEA, and SEA; and 250 ng/ml 2-OG and
2-LG. Aliquots of each QC were distributed into cryotubes and
stored at —80°C until analysis. The samples were randomly ana-
lyzed in order to assess carry over.

Aliquots of 0.5 ml of the QC samples were spiked with ISTD
mix 1 at the following amounts of deuterated analogs: 0.25 ng
AEA-d4, 0.25 ng DHEA-d4, 0.50 ng LEA-d4, 1 ng PEA-d4, 1 ng
OFEA-d4, 5 ng 2-AG-d5, and 25 ng 2-OG-d5; and analyzed by LC/
MS-MS. The quantification was done by isotope dilution.
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TABLE 3. Stability of the isomerization upon extraction from the
biological matrix

Ratio

2-AG-db 2-0G-d5

Extraction Solvent (ISO1/1S02)  (ISO1/1SO2)

Spiked plasma

TBME:water (6:1, v/v)* 0.59 0.32
TBME:water (6:1, v/v)b 0.53 0.20
TBME:Am. Ac. 0.1 M, pH 4.0 (6:1, v/v)“ 0.10 0.09
Toluene:water (6:1,v/v)" 1.40 0.47
Standard solution 0.06 0.05

The stability of the isomerization of isomer 2 to isomer 1 during
extraction and evaporation steps was assessed by analyzing the ratio
(ISO1/1S0O2) of plasma spiked with standard solutions of 2-AG-d5 and
2-OG-d5 subjected to liquid-liquid extraction compared with standard
solutions dissolved in mobile phase injected directly into the LC/MS-
MS system. ISO1, isomer 1; ISO2, isomer 2.

“Reused clean tubes.

"New silanized tubes.

Accuracy was calculated as the percentage of difference be-
tween the observed concentration and the nominal concentra-
tion. The nominal concentration was calculated as the expected
concentration on day 1 of the QC sample after the spiking pro-
cess, taking into account the basal EC and ERC concentrations. A
percentage of difference less than 15% for QC-M and QC-H, and
less than 20% for QC-L was considered acceptable.

Imprecision was calculated as the standard error deviation of
the QC sample replicates. A standard error deviation less than
15% for QC-M and QC-H, and less than 20% for QC-L was con-
sidered acceptable.

Recovery and matrix effect

Recovery and matrix effect were evaluated in plasma from six
different sources with deuterated analogs as SAs analyzed in trip-
licate. First, each batch of plasma was divided into two pools; one
pool was spiked with ISTD mix 1 and mix 2 and extracted, while
the other pool was spiked with ISTD mix 1 and mix 2 after extrac-
tion. Second, ISTD mix 1 and mix 2 were also spiked into clean
glass tubes, evaporated, and reconstituted. Finally, extracted sam-
ples and pure standards were analyzed by LC/MS-MS. Recovery
was calculated as the response of the SAs of samples spiked be-
fore extraction versus samples spiked after extraction. The ma-
trix effect was calculated as the response of the SAs of samples
spiked after extraction versus the pure standards. Additionally,
the CV of the ratio of the SAs with the ISTD of the six plasma
sources was calculated.

Stability of the analytes on reinjection

The stability of the reconstituted extract solutions on HPLC
vials was tested with the reinjection of a batch in which the vials
were kept at 4°C for 24 h and another batch with the vials kept at
—20°C for 10 days.

Stability of the isomers 1 and 2 of MGs in the
biological matrix

The stability of the isomers 1 and 2 of MGs to isomerization
(or acyl migration) in the biological matrix was assessed by
measuring the ratio between the isomers after preservation of
the plasma at different times and temperatures. For that, one
batch of human plasma from the blood bank was spiked with
2-0G-d5 and 2-AG-d5 and another batch was spiked with
1-OG-d5 and 1-AG-d5. Samples were analyzed by LC/MS-MS
and the ratios of the 1 and 2 isomers of both batches were
calculated. The spiked standards, dissolved in mobile phase,
were also injected directly into the LC/MS-MS system and the
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Fig. 3. LC/MS-MS chromatogram of EC and ERC profile of a hu-
man plasma sample.

isomer ratio was calculated. Additionally, in another experiment,
the isomerization of endogenous MGs (2/1-AG, 2/1-LG, and
2/1-OG) was assessed in freshly obtained plasma samples from
human volunteers preserved 2 h at 4°C or room temperature.

Inhibition experiments of the ex vivo generation
of MGs from plasma

Blood was obtained from human volunteers and processed im-
mediately. The rate of production of MGs from the separated
plasma was assessed by EC analysis after incubation for 2 h at RT
under agitation. Basal EC levels (time 0) were estimated by im-
mediate EC analysis. A set of potential inhibitors of MG produc-
tion were tested by spiking the plasma before incubation for 2 h
at RT at different concentrations of inhibitors. In several experi-
ments, the following phospholipase and lipase inhibitors were
tested: edelfosine, D609, FIPI, Orlistat, RHC 80267, KT172,

KT109, and GSK 264220A. Stock inhibitor solutions were pre-
pared in ethanol, except D609 that was prepared in water. The
volume of spiking solution added was less than 2% with respect
to the plasma aliquot volume. Plasma was distributed into cryo-
tubes for the incubation experiments. Edelfosine is a phosphati-
dylinositol phospholipase C inhibitor (IC5, = 9.6 uM). D609 is
a phosphatidylcholine-specific phospholipase C inhibitor (K; =
6.4 pM). FIPI is a phospholipase Dy and D, inhibitor (IG5, = 20
and 25 nM, respectively). Orlistat is a gastric and pancreatic lipase
inhibitor and a nonselective DAGLa and DAGL inhibitor (IC;, =
60 and 100 nM, respectively). RHC 80267 is a nonselective DAGL
inhibitor (IC; = 4 wM). KT172 and KT109 are selective DAGLB
inhibitors (IC;, = 60 and 42 nM, respectively) and also DAGL«
inhibitors (ICs, = 0.14 and 2.3 pM, respectively). GSK 264220A is
an endothelial lipase and a lipoprotein lipase inhibitor (IC5, =
0.13 and 0.10 pM, respectively). The effect of the blood collec-
tion tube on the MG production was assessed on EDTA (K2E, 18 mg)
or Lithium heparin (LH, 170 IU) in 10 ml BD Vacutainer
tubes with or without the presence of the inhibitor. All the in-
hibitors were tested with EDTA-plasma while Orlistat and GSK
264220A were additionally tested on heparin-plasma. The esti-
mation of the IG5, of Orlistat for the generation of 2-AG, 2-L.G,
and 2-OG was done in EDTA-plasma samples from three human
volunteers with the following added concentrations of Orlistat: 0,
50, 150, 450, 900, 1,500, and 2,500 nM. Control plasma samples
were kept at 4°C for 2 h until analysis. The percentage of inhibi-
tion was calculated with respect to the levels at concentration of
inhibitor 0 of each plasma source. The data were modeled by the
software GraphPad Prism 5 with the inhibition model: log [in-
hibitor] versus percent inhibition and the ICyys for 2-AG, 2-LG,
and OG were calculated.

Stabilization of MG measures in plasma with Orlistat

Blood extracted from 25 human female volunteers was col-
lected in 10 ml K2E 18.0 mg (EDTA) BD Vacutainer tubes and
centrifuged immediately at 2,800 g in a refrigerated centrifuge
(4°C). Plasma of each volunteer was separated immediately from
the blood and two equal 0.6 ml aliquots were obtained. One aliquot
was spiked at 3.35 pM with 5 pl of Orlistat solution (200 pg/ml,
ethanol). Both aliquots were stored at —80°C until EC analysis
with our standard procedure.

RESULTS AND DISCUSSION

Method development

While some solid phase extraction methods were tried,
recovery was difficult to optimize due to the varying struc-
tures of the analyzed compounds (NAEs and MGs). The

TABLE 4. Recovery and matrix interference of the SAs in plasma

Surrogate Analyte ISTD Recovery (%) Matrix Effect (%) CV (%)
PEA-d4 OFEA-d4 96 + 11 —26+4.7 3.0
LEA-d4 OEA-d4 96 + 7.1 —19+4.8 3.0
OFEA-d4 PEA-d4 95 + 8.4 —19+5.8 3.4
AEA-d4 AFEA-d8 95+ 7.9 —15+4.9 3.5
DHEA-d4 AFEA-d4 89+ 7.6 —11+6.0 2.9
AEA-d8 AEA-d4 84 +8.7 —8.0+5.0 4.2
2-0G-db 2-AG-d5 84 + 8.0 —40+5.8 7.9
2-AG-db 2-AG-d8 85+7.8 —27+4.0 39
2-AG-d8 2-AG-d5 81+6.8 —16+4.3 4.9

Mean + SD of the recovery and matrix effect of the surrogate analytes in plasma of six different sources and
analyzed in triplicate; CV of the ratio of the SAs with the ISTDs of the six plasma sources.
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TABLE 5. Imprecision and accuracy

Within Run

Between Run

Imprecision (%) Accuracy (%)

Imprecision (%) Accuracy (%)

Analyte QCGL  QCM  QCH QCL  QCM

QGH QCL

QCM  QCH QCL QCM  QCH

2-AG 8.7 9.0 7.2 88.7 91.0
2/1-AG 6.7 5.7 5.7 96.9 96.4
2-L.G 11.0 12.8 5.9 95.8 91.3
2/1- LG 54 8.5 5.7 94.9 100.6
2-0G 10.6 7.6 8.6 86.9 92.9
2/1-0G 9.7 8.7 6.9 95.3 89.9
AFA 4.6 6.1 4.3 92.9 88.7
DEA 4.5 6.1 5.2 91.6 91.4

DGLEA 7.7 6.1 4.1 97.0 97.6
DHEA 4.7 8.8 3.0 94.6 92.1

EPEA 7.2 5.3 43 95.3 89.9
LEA 3.2 7.4 5.4 97.8 97.9
a-LEA 5.6 9.0 5.7 93.9 88.5
OEA 2.9 7.5 3.8 97.5 98.4
PEA 2.9 6.6 3.0 95.4 97.6
POEA 7.0 11.3 6.2 96.5 93.8
SEA 4.9 9.4 3.8 93.3 98.3

75.6 11.0 18.4 14.8 88.4 71.7 83.3
93.5 7.4 14.3 8.2 88.7 93.2  102.8
772 16.2 18.2 19.5 80.2 76.3 83.2

104.7  11.2 4.8 9.6 91.4 101.2  109.6

832  10.6 18.3 8.2 88.4 77.5 89.5
97.0 121 11.2 5.6 90.8 85.1 1044
89.6 9.8 10.2 4.8 92.1 92.9 89.4
93.0 119 6.9 5.3 95.0 94.1 95.2
95.0 10.4 9.0 5.4 101.2 97.5 98.3
90.6 10.2 9.3 4.6 90.9 94.5 93.7
88.0 9.8 10.0 6.1 90.6 89.1 89.7
97.5  10.0 10.2 55 94.8 99.9  101.1
87.0 115 12,5 8.1 86.7 88.5 88.1
96.4 9.3 9.7 4.6 94.9 97.2  101.6
96.7 9.4 9.5 3.9 94.5 96.5  100.2
86.3 14.1 12.4 9.8 92.9 89.7 89.8
99.0 10.8 10.5 8.8 100.8 97.2 104

Data represent the mean values of QC sample replicates.

liquid-liquid extraction methods provided the best overall
recoveries for ECs and ERCs. In order to assess a method
to stabilize the original isomeric ratio after the extraction
and evaporation steps, 0.5 ml plasma samples were spiked
with the deuterated analog isomers 2-AG-d5 and 2-OG-d5,
extracted, and analyzed by LC/MS-MS to evaluate the gen-
eration of 1-AG-d5 and 1-OG-d5 by chemical isomerization
or acyl migration (Table 3). Several liquid-liquid extrac-
tion methods were tested: TBME or toluene as extraction
solvents, Am. Ac. buffer 0.1 M at pH 4.0, or water as aque-
ous solvents, and new silanized borosilicate glass tubes (or
clean reused tubes) to test for the activity of catalytic si-
lanols. Aqueous solvents were used to reduce viscosity and
control plasma pH. Elevated temperatures, presence of se-
rum albumin in the sample, and high pH values have been
reported to accelerate 2-AG/1-AG acyl migration (13, 14,
17). It is worth noting that commercially available solu-
tions of 2-AG and other 2-MG usually contain 5-10% 1-MG.
Therefore, it seems impossible to completely avoid
2-MG/1-MG isomerization. The solvent that best preserved
the original deuterated MG isomeric ratio of the sample
after extraction was the mixture 6:1 TBME: 0.1 M Am. Ac.
buffer (pH 4.0). In our experimental conditions, we ob-
served that TBME preserved the 2-MG/1-MG ratio better
than toluene, which was the solvent of choice for other

authors (12, 14). However, this is most likely due to the
longer evaporation time of toluene compared with TBME,
which in our experiment was relevant due to the amount
of solvent used (6 ml) in the liquid-liquid extraction. The
standard solutions were prepared in acetonitrile because
methanol and other protic solvents promote the isomer-
ization of isomer 2 into isomer 1 of MG (13). No differ-
ences were observed between extraction tubes that were
clean, reused ones, or new silanized tubes.

We found optimal recoveries and peak shapes with
the reconstitution of the extract in a mixture of water:
acetonitrile (10:90) with 0.1% formic acid. The EC and
ERC profiles were separated by reverse phase gradient
chromatography in a C18 column (Fig. 3), because with a
C8 column complete separation of the MG isomers was
not possible. Acetonitrile was used as the organic mobile
phase, as we observed that methanol also promoted
2-MG/1-MG isomerization if present in the mobile phase.
Formic acid at 0.1% v/v was employed as an additive of the
mobile phase to promote the positive ionization of NAEs
and MGs. The parent ion adducts selected for fragmenta-
tion in the mass spectrometer were in the form of [M+H]".
The product ion m/z 62, which corresponds to etha-
nolamine, is characteristically generated by fragmentation
of NAEs; while a neutral loss of 92 Da, which corresponds

TABLE 6. Stability of MG concentrations on different collection conditions

2/1-AG

2/1-LG 2/1-0G

Inhibitor in Time, 2 h at room

Time, 2 h at room Time, 2 h at room

Blood Tube Plasma Time 0 temperature Time 0 temperature Time 0 temperature
EDTA - 0.75 +0.21 8.51 + 4.57 8.57+2.23 102 + 86.5 9.68 + 2.28 115+ 85.9
EDTA + 1.13+1.03 11.8 5.1 15.6 £2.30
Heparin - 2.82 +0.67 30.6 +23.0 83.7+12.8 876 + 729 72.3+0.93 619 + 475
Heparin + 2.99 £ 0.05 65.3 +3.77 48.0 = 1.20

Blood was collected in EDTA or heparin tubes. The separated plasma was analyzed immediately (time 0) or
after incubation for 2 h at room temperature with or without addition of Orlistat to the plasma collection tube.
Orlistat was added at 3.5 uM to EDTA-plasma and at 15 uM to heparin-plasma. Data are presented as mean + SD of
2/1-MG concentrations (ng/mL) of plasma from one volunteer in an experiment performed in duplicate.
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Fig. 4. Inhibition model of ex vivo production of 2-MG in plasma
with Orlistat. Plasma from freshly extracted blood was spiked with
a range of concentrations of Orlistat, incubated at room tempera-
ture for 2 h, and analyzed by LC/MS-MS to detect the levels of
2-AG, 2-OG, and 2-LG. Values represent the normalized 2-MG lev-
els of three different volunteers analyzed in triplicate.

to glycerol, is common to the fragmentation of MGs. The
specific MRM transitions are listed in Tables 1 and 2. The
method is selective and specific for each analyte with no
cross contamination between MRM channels and, in most
cases, a single chromatographic peak corresponding to
the endogenous analyte was found throughout the acqui-
sition time. The variation in retention time of the individ-
ual analytes in a typical batch analysis was less than 0.5%.
The retention time and product ion spectra of the endog-
enous analytes in the matrix matched the ones of the au-
thentic standards.

The quantification of ECs, as for all endogenous analytes,
is challenging due to the absence of a blank matrix. Some
authors have developed strategies of depletion of the analytes
by processing the plasma using five cycles of activated char-
coal (12). Other authors have used a surrogated analysis ap-
proach (18) or carried out quantification by isotope dilution
(19, 20). It is to be noted that EC-depleted plasma still con-
tains MGs, probably due to its high concentrations (12). In
this work, we have assessed the linearity, LOD, LLOQ), recov-
ery, matrix effect, and MG acyl migration stability of the
method using deuterated analog forms as SAs and ISTDs.
Our approach is valid because the original unaltered matrix
can be used and, theoretically, the deuterated forms have the
same properties as the authentic analytes. However, there are
a limited number of deuterated analogs of ECs and ERCs,
and in order to use this approach different deuterated ana-
log versions for each analyte are necessary. For this reason, in
the analysis of samples of clinical studies (inhibition experi-
ments), and in determining the accuracy and imprecision of
the method, quantification was carried out with isotope dilu-
tion as described in the Materials and Methods.

Method validation

The method was linear for the ECs and ERCs whose
quantification was standardized. Results, which include the
mathematically derived LODs and LLOQs, are shown in
supplementary Table I. The experimentally verified LLOQs
of the method are the following: 0.02 ng/ml for AEA, DEA,
DGLEA, EPEA, o-LLEA, DHEA and POEA; 0.1 ng/ml for LEA;
0.5 ng/ml for OFEA and SEA; 0.75 ng/ml for 2-AG; 1 ng/ml
for PEA; and 2.5 ng/ml for 2-OG and 2-L.G. The LLOQs of
PEA, OEA, and SEA were set at a higher concentration than
their mathematical LLOQs due to small basal contaminant
concentrations found in the solvents and glassware as re-
ported by other authors (12, 21). No significant carry over was
detected. No differences in the concentration values were
found after reinjecting vials kept at 4°C for 24 h. Vials kept at
—20°C were stable for all analytes except SEA. Recoveries
were high (>80%) for all the analytes and matrix effect was
substantial (40%) in some analytes such as 2-OG-d5. Minimal
differences in the matrix effect of the six plasma sources were,
however, observed due to being compensated by the use of
deuterated analogs with similar ISTD structure (Table 4).
Within-run and between-run accuracy and imprecision values
of NAEs and MGs are presented in Table 5 and fit current
standard requirements for analytical method validation. With
respect to the MGs, we found decreases in the concentration
of the separate 2-MG isomers from day 2 of the validation pro-
tocol due to acyl migration during conservation of the plasma.
This is explained in the section on stability of the isomeric ra-
tio of MGs. The method is deemed fit for the determination
of the EC and ERC profile in human plasma samples.

Inhibition experiments of the ex vivo generation
of MGs from plasma

Fanelli et al. (12) reported the generation of 2-AG in
plasma in the absence of blood cells, with increases in 2/1-AG
for plasma preserved for 4 h at 4°C or room temperature. In
the course of our MG stability experiments, we observed
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TABLE 7.

Effect of Orlistat addition to plasma on EC measures

Measured Concentration (ng/ml)

EC/ERC n Without Added Orlistat With Added Orlistat Change (%) P

2/1-AG 25 242 +1.10 0.89 + 0.50 —59.0 £ 23.9 <0.001
2/1-LG 25 15.2 + 8.48 7.76 £ 3.54 —47.2+17.5 <0.001
2/1-0G 25 16.1 +10.4 8.93 +4.90 —35.9 +25.0 <0.001
AEA 25 0.40 +0.19 0.39 +0.19 —2.09 +9.58 0.225
DEA 25 0.12 £ 0.04 0.11 +0.04 0.45+11.8 0.671
DGLEA 25 0.11£0.03 0.12 +0.03 —0.33 +12.3 0.324
DHEA 25 0.45+0.19 0.44 +0.21 —0.74 £ 10.9 0.801
EPEA 14 0.03 £0.01 0.03 +0.01 —8.67 +£9.02 0.104
LEA 25 1.30 + 0.38 1.23 +0.38 —4.05+11.7 0.091
o-LEA 25 0.04 £ 0.01 0.04 +0.01 —4.39 +13.4 0.142
OEA 25 3.16 + 1.26 3.10 £ 1.22 —1.72 +5.46 0.057
PEA 25 2.07 £ 0.67 2.06 + 0.60 0.75 £ 9.20 0.774
POEA 25 0.18 £0.11 0.17 £ 0.10 —2.90 +12.0 0.491
SEA 25 1.18 £ 0.33 1.15+0.32 —2.15 + 8.81 0.214

Plasma of 25 female human volunteers was collected with or without addition of Orlistat (3.4 uM) and stored
at —80°C until EC analysis. Data are presented as mean + SD. EPEA concentration was below the LLOQs for some
of the samples. The effect of Orlistat addition to plasma on EC measures was assessed by a paired-samples #test.

approximately 5-fold increases in 2/1-LG and 2/1-OG con-
centrations in plasma preserved for just 2 h at room tem-
perature compared with plasma preserved at 4°C. In regard
to 2/1-AG, we observed differences in concentration when
plasma was analyzed immediately after blood extraction ver-
sus some time afterwards (2 h), or after a freezing/thawing
step even though cold chain (4°C) was maintained. We there-
fore investigated, in controlled experiments, several phos-
pholipase and lipase inhibitors for their capacity to inhibit
ex vivo MG production in plasma. We found no inhibition
activity for the phospholipase inhibitors D609, FIPI, and
edelfosine (IG5, >30 pM, 1C5, >125 nM, and 1G5, >50 pM,
respectively). On the other hand, we observed inhibition of
the ex vivo generation of 2-AG, 2-LG, and 2-OG in plasma
spiked with Orlistat, a gastric and pancreatic lipase inhibitor
(22) and a potent nonspecific inhibitor of DAGL« and
DAGLB (23). It is to be noted that the artifactual generation
of MGs persisted even after immediate sample centrifugation
that essentially eliminates all blood cells, which means that
this MG buildup should be related to an enzymatic plasma
activity. Because Orlistat is a general lipase inhibitor, we also
tested the inhibition activity of RHC 80267, another non-
specific inhibitor of DAGL« (23), KT172, and KT109, potent
selective DAGLB inhibitors (24). None of these com-
pounds showed inhibition activity (ICs, >30 pM, ICy, >15 pM,
and IC;, >15 pM, respectively), which means that the ex vivo
MG production in plasma is a mechanism independent

of DAGL. 2-OG and 2-L.G originate from fat digestion in
the intestinal lumen, where dietary triacylglycerol is hy-
drolyzed in the sn-1 and sn-3 position by pancreatic lipase
through a series of directed stepwise reactions to diacylg-
lycerol (DAG), 2-MG, fatty acids, and glycerol. 2-MGs
are readily adsorbed and resynthesized to triacylglycer-
ols through the MG pathway (7, 25-27). Therefore, in
terms of preventing 2-MG ex vivo formation, results ob-
tained from plasma samples spiked with Orlistat are in
agreement with this inhibitory enzymatic activity. The bio-
synthetic origin of 2-AG, however, is presumably not related
to fat digestion but to phospholipids. Arachidonate DAGs,
the precursors of 2-AG, are originated by the hydrolysis of
membrane phosphoinositides and they are converted to
2-AG by the action of two sn-1 selective DAGLs, DAGL« and
DAGLB (16). Further, a direct dietary origin of 2-AG seems
unlikely because arachidonic acid, an essential fatty acid
and backbone of 2-AG structure, is present at low amounts
in the diet, and is mainly obtained through metabolism of
triacylglycerols that contain acyl-linoleoyl in their struc-
ture. The linoleic acid released is then elongated and un-
saturated to form arachidonic acid through the omega-6
pathway. Additionally, we investigated the effect of the
blood collection tube on MG generation. We found that
MG concentrations were higher in heparin-plasma than in
EDTA-plasma. The differences were maintained either for
samples analyzed immediately or after incubation at room

TABLE 8. Stability of the isomerization of spiked 2/1-AG-d5 and 2/1-OG-d5 in stored plasma

Ratio

Time, 30 min at

Spiked analyte Time 0 room temperature Time, 20 days at —20°C Time, 20 days at —80°C
2-AG-db 1SO1/1SO2 0.08 £ 0.001 0.46 + 0.06 0.84 +0.05 0.41 +0.01
1-AG-d5 1SO2/1S01 0.01£0.01 0.04 + 0.005 0.07 +0.003 0.03 + 0.002
2-0G-d5 ISO1/1S02  0.08 = 0.01 0.36 + 0.06 0.58 +0.03 0.36 + 0.06
1-0G-d5 1SO2/1SO1  0.13+£0.03 0.13 £0.03 0.12 £ 0.04 0.13 £ 0.03

A pool of plasma was spiked separately with the deuterated analogs of the isomer 1 (ISO1) and isomer 2
(ISO2) of AG and OG. Aliquots were distributed in cryotubes and chemical stability of the isomer ratio (ISO1/1SO2
and ISO2/ISO1) was assessed upon conservation at time 0, 30 min at room temperature, 20 days at —20°C, or 20
days at —80°C. Data are presented as mean + SD of replicate analysis.
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TABLE 9. Stability of the isomerization of endogenous 2/1-AG,
2/1-LG, and 2/1-OG in stored plasma

Ratio ISO1 / 1SO2

Endogenous analyte Time 2 h at4°C Time 2 h at room temperature
2/1-AG 0.09 +0.10 0.32 +0.24
2/1-LG 0.43+0.13 0.76 +0.10
2/1-0G 0.28 +0.08 0.57 +0.06

The stability of the isomer 1/isomer 2 (ISO1/1SO2) ratio of
endogenous 2/1-AG, 2/1-LG, and 2/1-OG was assessed in plasma of
three differentvolunteers which was kept 2 h at 4°C or room temperature
after extraction from the volunteer. Data are presented as mean + SD of
triplicate analyses.

temperature. Orlistat was able to inhibit MG production in
plasma originated from both kind of tubes, but due to the
higher MG buildup in heparin-plasma, a higher concen-
tration of Orlistat was needed to achieve full inhibition
(Table 6). Further, because heparin-plasma is commonly
used for the assay of lipoprotein lipase due to its affinity for
heparin (28), we also tested the inhibition activity of GSK
264220A, an endothelial lipase and a lipoprotein lipase in-
hibitor (29), but we found no inhibition (IG5, >15 pM) on
EDTA-plasma or heparin-plasma. The reason for the lower
MG concentrations on EDTA-plasma is probably due to the
chelate effect of EDTA on the cofactors needed for MG
biosynthesis. We recommend, therefore, the use of EDTA
blood tubes for collection in addition to Orlistat. In a sec-
ond set of experiments, EDTA-plasma of three human vol-
unteers was used for the calculation of the ICjy, of Orlistat
for the ex vivo generation of 2-AG, 2-L.G, and 2-OG. An in-
hibition model was obtained and the data is graphically pre-
sented in Fig. 4. The IC;, of Orlistat with the mean, its 95%
confidence interval, and the coefficient of determination
(RQ) of the inhibition model are as follows: 285.6 nM [212.4,
384.0] for 2-AG (R® = 0.8809), 146.1 nM [104.9, 203.4] for
2LG (R® = 0.9087), and 148.7 nM [110.6, 200.0] for 2-OG
(R* = 0.9254).

Stabilization of MG measures in plasma spiked
with Orlistat

The ex vivo generation of MG in plasma can be prevented
by Orlistat. Because our MG assay was done at room tem-
perature, we tested, in controlled conditions, whether Or-
listat addition to the plasma storage tube had any effect on
MG measures when a typical clinical sample collection pro-
tocol was followed. For that, 25 female blood samples were
collected and processed in a matter of weeks, maintaining
the cold chain until they were finally stored at —80°C. EC
analysis took place several weeks after all samples had been
collected and was done with our standard sample prepara-
tion procedure. The results are presented in Table 7 and
they show that Orlistat addition during the sample collec-
tion protocol leads to a significant reduction of all MG
measures (36-59%, P < 0.001). The NAEs, which are the
other measures of our EC and ERC analysis, were not af-
fected by the addition of Orlistat. We think that differences
may have arisen due to the enzymatic activity that took in
the freezing/thawing and processing steps. All the NAEs
and MGs described in the method could be quantified in

the 25 human female samples (Table 7), with the excep-
tion of EPEA that, due to its low levels, could only be quan-
tified in 14 samples. In summary, data show that Orlistat
addition as part of the sample collection protocol can be a
tool to stabilize MG concentrations in plasma, and this can
aid in the harmonization of EC and ERC measurements in
clinical samples.

Stability of the isomeric ratio of MGs

The results of the stability experiment of MGs in plasma
show that the chemical isomerization of isomer 2 to isomer
1 decreases with decreases in the preservation temperature
of the plasma before analysis. However, isomerization is still
observed, even if samples are stored at —80°C (Table 8).
Furthermore, it has been reported that isomerization is also
dependent on the amount of serum albumin present in the
sample (17). It is, therefore, possible that even when sam-
ples are subjected to the same storage conditions, they
could still have different chemical isomerization rates. Ad-
ditionally, chemical isomerization takes place in plasma
preserved for a very short time at room temperature.

We also investigated the endogenous origin of MG iso-
mers in fresh plasma samples (Table 9). As has been previ-
ously suggested (14), our data support the hypothesis that
1-AG does not have an endogenous origin and is the result
of chemical isomerization during sample storage and pro-
cessing, because in fresh plasma samples we found that
1-AG was present at the same isomeric ratio as the pure
standard mixture. On the other hand, we observed that
1-LG and 1-OG were present at substantial concentrations.
1-MG originates from the in vivo isomerization of 2-MG
during digestion and absorption. It has been estimated
that approximately 25% of 2-MG is isomerized to the 1-MG
form. However, 2-MG is the predominant form in which
MGs are absorbed and resynthesized to triacylglycerols,
while 1-MGs are eventually hydrolyzed by pancreatic lipase
to free fatty acids and glycerol (25-27, 30).

In summary, only EC analysis performed with fresh sam-
ples is able to quantify the original isomeric ratio of the
sample. Studies that report MG concentrations should spec-
ify whether the concentration data are from the separate or
combined 1 and 2 isomers. Due to the instability of isomer-
ization during conservation, and the fact that the 1-MG iso-
mer originates either in vivo or ex vivo from the 2-MG
isomer, studies that report the concentration of the two iso-
mers together may still provide meaningful data for the in-
terpretation of its biological significance in a fitfor-purpose
approach. Alternatively, clinical samples may be spiked with
deuterated analogs of known isomer ratios before conserva-
tion in order to correct the concentration data.

CONCLUSIONS

MG analysis is a challenging issue; to our knowledge, this
is the first time that an enzymatic activity inhibited by the
lipase inhibitor Orlistat and able to generate MGs in plasma
in the absence of cells has been reported. Our findings sug-
gest that, as happens with EC brain concentrations (31),
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peripheral EC concentrations from clinical studies or ani-
mal models greatly depend on sample collection and sam-
ple time processing conditions that take place in the clinical
and laboratory settings due to the natural presence of enzy-
matic activity in plasma. Because of the instability of EC
concentrations in blood, EC studies need to follow strict
harmonized sample collection and processing protocols in
order to avoid artificial differences between samples. Fi-
nally, the collection of plasma samples with Orlistat may be
auseful tool in the determination of real endogenous 2-MG
concentrations. In addition to immediate centrifugation in
refrigerated conditions and separation of plasma from
blood to avoid the release of NAE from blood cells, we also
recommend the addition of Orlistat to plasma collecting
tubes and maintaining the cold chain until storage and pro-
cessing. Orlistat is inexpensive, and thus may be a cost effec-
tive measure to aid in the harmonization of EC and ERC
measurements in clinical research. Data suggest that the ex
vivo generation of MG in plasma is a mechanism indepen-
dent of DAGL, because besides the general lipase inhibitor
Orlistat, other specific or unspecific DAGL inhibitors do
not inhibit MG generation, and neither is the result of en-
dothelial lipase or lipoprotein lipase activity. The full char-
acterization of this enzymatic activity goes beyond the scope
of this work, but due to the importance of the EC 2-AG as a
biomarker, the understanding of this apparent alternative
biosynthetic pathway of 2-AG, probably linked to lipid me-
tabolism, would contribute to a better comprehension of
the significance of its blood concentrations.

We have validated a method for the determination of a
range of MGs and NAE:s in plasma. The developed method
is able to preserve the original isomeric ratio of MGs. We
have found that the chemical isomerization of MGs can
only be avoided by immediate processing (at cold tempera-
ture and acid pH) and analysis of samples. The report of
MGs as the sum of both isomers may be considered. Alter-
natively, appropriate isomerization controls can be used
during sample collection and conservation in order to cor-
rect concentrations. Data suggest that isomer 1 of AG is not
an endogenous compound, and most probably is the result
of chemical isomerization during storage and sample pro-
cessing. On the other hand, isomer 1 of OG and isomer 1 of
LG are likely to be endogenous compounds that result from
in vivo isomerization that takes places during digestion, and
their concentrations can be detected in plasma Bl
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