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Chapter 4

ABSTRACT

Background and aim: The endocannabinoid system (ECS) is a signalling system
composed of endocannabinoids (eCBs), their receptors, and the enzymes involved in their
synthesis and metabolism. Alterations in the ECS are linked to the development of
cardiometabolic diseases. Here, we investigated the relationship between plasma levels of

eCBs and their analogues with body composition and cardiometabolic risk factors.

M ethods: The study included 133 young adults (age 22.1 + 2.2 years, 67% women). Fasting
plasma levels of eCBs and their analogues were measured using liquid chromatography-
tandem mass spectrometry (LC-MSMS). Body composition, brown adipose tissue (BAT)

volume, and FDG uptake, aswell astraditional cardiometabolic risk factors, were measured.

Results: Plasmalevels of eCBs and several eCB analogues were positively correlated with
adiposity and traditional cardiometabolic risk factors (e.g., serum insulin and
triacylglycerideslevels, al r > 0.17 and p < 0.045). Plasmalevels of 2-AG and PDEA were
negatively correlated with BAT volume and glucose uptake (all r < -0.17 and P < 0.047).
We observed that the plasma levels of eCBs and their analogues were higher in
metabolicaly unhealthy overweight-obese (MUOO) participants compared to
metabolically healthy overweight-obese (MHOO) participants.

Conclusion: Our findings suggest that the plasma levels of eCBs and their analogues can

be used as potential markers of cardiometabolic risk in young adults.

Keywords. body composition, cardiometabolic risk factors, anandamide, endocannabinoid

system, 2-arachidonoyl glycerol, visceral adipose tissue.



Endocannabinoids and cardiometabolic risk

1. INTRODUCTION

Cardiometabolic diseases (CMD) are the leading cause of mortality worldwide?. The
increase in obesity and obesity-related cardiometabolic disorders, including dyslipidemia,
hyperglycemia, hypertension, and abdominal fat accumulation partialy drives the
increments in the prevalence of CMD?3#. Despite the recent advances in understanding the
pathological mechanisms underlying the onset and progression of CMD, additional efforts

to further improve the prognosis and diagnosis of these diseases are required.

An attractive and potentially effective strategy for the early diagnosis of CMD isthe use of
lipid mediators as markers. The endocannabinoids (eCBs) anandamide (AEA) and 2-
arachidonoyl glycerol (2-AG) are the endogenous agonists of the cannabinoid receptor type
1 (CB1R) and type 2 (CB2R)®. These two receptors, together with the eCBs and their
metabolic enzymes, compose the endocannabinoid system (ECS), which plays a significant
role in, amongst others, energy balance®. Several clinical studies have shown alterationsin
the ECS in patients with CMD8° but led to inconsistent findings concerning the role of
AEA and 2-AG in CMD, which highlights the need for further studies. Not only the eCBs
seem to be important in CMD, but also their structural analogues™®, which include N-acyl
ethanolamines (NAES), such as N-pamitoylethanolamine (PEA), N-oleoylethanolamine
(OEA), and N-linoleylethanolamine (LEA), as well as other 2-acylglycerols, such as 2-
linoleoylglycerol (2-LG) and 2-oleoylglycerol (2-OG). These structural homologues do not
have affinity for CB1R or CB2R but can enhance the effects of AEA and 2-AG on their
receptors by increasing their affinity or inhibiting their hydrolysis (so-called entourage
effect) 212,

Overdl, several studies have suggested that eCBs and their analogues may be potential
biomarkers for CMD®°. These studies were focused on middle-aged or elderly populations,
while the potential to use these metabolites as CMD biomarkersin younger populations has
not been investigated. Therefore, in this study, we aimed to investigate the association of
plasma levels of eCBs and their analogues with body composition parameters and
cardiometabolic risk factorsin a cohort of young adults.
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2. MATERIAL AND METHODS

2.1. Study design and participants

This cross-sectiona study was performed under the framework of the ACTIBATE study
(Clinical Trials.gov, ID: NCT02365129)%%4. The study included 136 young adult
participants, 45 males and 91 females (Table 1). All participants were recruited via
advertisementsin electronic media and |eaflets. Theinclusion criteriaincluded an age of 18
to 25 years; being engaged in less than 20 min of moderate or vigorous physical activity per
day on <3 days/week; not smoking; having a stable body weight over the past three months
(change <3 kg); without any CMD (e.g., hypertension, diabetes); not taking any medication
that might affect cardiovascular function; and no history of cancer among first-degree

relatives.

2.2. Determination of plasma levels of endocannabinoids and endocannabinoid
analogues

Plasma levels of AEA, 2-AG, and their analogues (i.e.,, 2-LG, 2-OG, N-o-linolenoyl
ethanolamine (alpha-LEA), N-dihomo-gamma-linolenoylethanolamine (DGLEA), N-
docosahexaenoylethanolamine (DHEA), LEA, OEA, PEA, N-pentadecenoylethanolamine
(PDEA), N-pamitoleoylethanolamine (POEA), and N-stearoylethanolamine (SEA)),
together with arachidonic acid (AA), i.e., adownstream metabolite of AEA and 2-AG, were
assessed using liquid chromatography-tandem mass spectrometry (LC-MS/MS) after
liquid-liquid extraction (LLE). The LLE-LC-MS/MS method has been described
previously>16, Deuterated internal standards (listed in Table S1) were used to correct for
analytical errors. Quality control (QC) samples were regularly injected during the
measurements and used to eval uate the data quality and correct for between-batch variations
using the in-house devel oped mzQuality workflow (available at http://www.mzQuality.nl)*’.
Relative standard deviations (RSDs) were calculated for each analyte present in the QC

samples using the peak arearatios (i.e., peak area of the target analyte divided by the peak
area of the respective internal standard). Metabolites with RSDs < 15% were included in
further data analyses. Metabolites showing RSDs higher than 30% on peak area ratios in
QC samples were excluded. Metabolites with 15% < RSDs < 30% were interpreted with
caution (Table 1). The experimental procedureis detailed in the Supplementary Material.
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2.3. Anthropometry and body composition

Body weight and height were measured using a SECA model 799 electronic column scale
and a stadiometer (SECA, Hamburg, Germany). The waist circumference was measured in
the minimum perimeter, at the end of a normal breath expiration, with the arms relaxed on
both sides of the body. The measurements were taken just above the umbilicus following a
horizontal plane when the minimum perimeter could not be detected, such asin overweight
or obese participants. The waist circumference was measured twice with a plastic tape
measure, and the two measurements were averaged. L ean body mass (LBM), fat body mass
(FBM), and visceral adipose tissue (VAT) were determined with a Hologic Discovery Wi
dual-energy X-ray absorptiometer (Hologic, Marlborough, MA, USA). Body mass index
(BMI), lean massindex (LMI), and fat mass index (FMI) were calculated by dividing body
weight, LBM, and FBM (in kg) by the square of the height (in m), respectively. The fat
mass percentage (%) was calculated as the FBM divided by total body mass and multiplied
by 100.

2.4. Activation and deter mination of ‘8F-fluor odeoxyglucose uptake by brown adipose
tissue

Activation of brown adipose tissue (BAT) was carried out using a personalized cooling
protocol for each participant on two independent days. This personalized cooling protocol
has been extensively described elsewhere®®. Briefly, we first determined the shivering
threshold of each participant; 48-72h later, the uptake of 8F-fluorodeoxyglucose (*®F-FDG)
by BAT was determined. During the shivering threshold test, participants were exposed for
30 min to awarm room for acclimation purposes, before moving to amild-cold room. Next,
participants wore a water-perfused cooling vest (Polar Products Inc., Stow, OH, USA)
during the second part of the test. The water temperature of this cooling vest was reduced
from 16.6 °C to ~2.2 °C per 10 min until participants began shivering. 48-72 h later, the
participants went to the hospital, where they were exposed to the same cooling protocol for
2 h at ~4 °C above the water temperature, for which they reported shivering. A sub-group
of individuals did not report shivering and were therefore exposed to the lowest water
temperature of the device. After 1 h of cold exposure, abolus of ~185 MBq of ®F-FDG was
intravenously injected, before positron emission tomography/computed tomography
(PET/CT) scan (Siemens Biograph 16 PET/CT, Siemens Healthcare, Erlangen, Germany)
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2 h later. The BAT volume and BAT 8F-FDG activity were determined following standard
guidelines'® using the Beth Isragl plugin for the FIJl program. This required the
determination of the number of pixelsin the region of interest with a radiodensity range of
-190 to -10 Hounsfield Units, aswell astheindividualized, standardized threshold *¥F-FDG
uptake values (SUV) [1.2/(LBM/body mass)]*°. BAT volume was determined asthe number
of pixelsin the range described above, with an SUV value above the SUV threshold. BAT
metabolism activity was determined concerning the mean SUV (SUVmean, i.e., the mean
quantity of 8F-FDG contents in three pixels within a volume of <1 cmd), peak SUV
(SUVpeak, i.e., the mean of the three highest F-FDG contents in three pixels within a
volume of <1 cm®), max SUV (SUVmax, i.e., the maximum quantity of ¥F-FDG contents

in three pixels within avolume of <1 cm3)?,

2.5. Blood sample collection and deter mination of cardiometabolic risk factors

Blood samplesweretaken at baselineafter 10 h of fasting®®. Serum glucose, total cholesterol
(TC), high-density lipoprotein-cholesterol (HDL-C), apolipoprotein A1 (APOA1) and B
(APOB), triglycerides (TG), as well as liver enzymes, i.e., glutamic pyruvic transaminase
(GPT), gamma-glutamyl transferase (GGT), and alkaline phosphatase (ALP) levels, were
assessed following standard methods using an AU5832 automated analyzer (Beckman
Coulter Inc., Brea, CA, USA) with Beckman Coulter reagents (OSR6521, OSR6116,
OSR60118, OSR446410, OSR447730, OSR6507, OSR6520, OSR6204 and OSR6187,
respectively). Low-density lipoprotein-cholesterol (LDL-C) was estimated as: [total
cholesterol — HDL-C — (TG/5)], with all units in mg/dL?'. Serum insulin was measured
using the Access Ultrasensitive Insulin chemiluminescent immunoassay kit (Beckman
Coulter Inc., Brea, CA, USA, 33410). The homeostatic model assessment for insulin
resistance index (HOMA index) was calculated as insulin levels (uU/mL) multiplied by
glucose levels (mmol/L)/22.5%, whereas the fatty liver index was calculated following
standard guidelines®®. C-reactive protein (CRP), complement component C3 (C3), and
complement component C4 (C4) concentrations were measured by immunoturbidimetric
assays (OSR6299, OSR6159, and OSR6160) using an AU5832 spectrophotometer. Leptin
and adiponectin concentrations were measured using the MILLIPLEX MAG Human
Adipokine Magnetic Bead Panel 2 and MILLIPLEX MAP Human Adipokine Magnetic
Bead Panel 1, respectively (Luminex Corporation, Austin, TX, USA). The metabolic
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syndrome prevalence was cal cul ated following the National Cholesterol Education Program
Adult Treatment Panel 1lI (ATP 111)* and International Diabetes Federation (IDF)
classifications?®®>. An Omron M6 upper arm blood pressure monitor (Omron Healthcare
Europe B.V., Hoofddorp, The Netherlands) was used to determine the systolic blood
pressure (SBP) and diastolic blood pressure (DBP), with subjects seated and relaxed;

measurements were taken at three time points with the mean used in later analyses.

2.6. Classification of metabolically healthy overweight-obese and metabolically
unhealthy overweight-obese participants

Overweight or obese individuals were divided into two groups. metabolically healthy
overweight-obese (MHOO) and metabolicaly unhealthy overweight-obese (MUOO)
groups. MHOO participants were defined as having a BMI >25 kg/m? and not presenting
any of the following criteria?®: (i) serum TG concentration >150 mg/dL; (ii) serum HDL-C
concentration <40 mg/dL for men and <50 mg/dL for women; (iii) SBP >130 mmHg or
DBP >85 mmHg; or (iv) serum glucose concentration >100 mg/dL. MUQOO participants
were defined as having aBM I >25 kg/m? and presenting at least one of the cardiometabolic
risk factors mentioned above factors.

2.7. Statistical analysis

Categorical and continuous variables were used to describe the clinical and demographic
characteristics of the study participants. Since peak arearatios of the plasmaeCBs and their
analogues and blood cardiometabolic risk factors did not follow anormal distribution, they
were loge transformed to obtain normal distributions. Data were presented as mean +
standard deviation unless otherwise stated. Since no sex interaction was observed (all
P>0.05), data from both sexes were pooled together for all the statistical analyses unless
otherwise stated. Pearson correlations of plasma levels of eCBs and their analogues with
body composition and cardiometabolic risk factors were obtained using R (V.3.6.0).
Correlation plots were built using the R package ‘corrplot’. In separate models, forward
stepwise regression analyses were conducted with FBM and VAT as dependent outcomes.
The measured plasma eCBs and their analogues and leptin and adiponectin values were
introduced as predictors using a ‘forward stepwise’ procedure. This procedure introduces

predictor components step-by-step into the model (if P<0.05) according to the strength of
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their association with the dependent outcome. All forward stepwise regression analyses
were performed with Statistical Package for the Social Sciences v.22.0 (IBM Corporation,
Chicago, IL, USA), with a significance level set at P<0.05. The differences in the plasma
levels of eCBs between MHOO and MUQOO individuals were assessed using one-way
analyses of covariance (ANCOVA), including either sex or VAT as a confounder. Box plots
were made using GraphPad Prism software v.9 (GraphPad Software, San Diego, CA, USA).

3. RESULTS

3.1 Characteristics of the study participants and plasma levels of endocannabinoids
and their analogues

The characteristics of the study participants are shown in Table 1. The LC-MS/MS method
enabled the relative quantitation of 14 eCBs and their analogues. Among those, eight
metabolites showed RSD values for peak arearatios in QC samples lower than 15%, while
six metabolites were detected with RSDs between 15% and 30% in QC samples (Table 1).
The data quality was confirmed based on the acceptance criteria typically used in
metabol omics-based experiments®”:%,

3.2 Plasma levels of endocannabinoids and their analogues are positively correlated

with adiposity and cardiometabolic risk factors

The plasma levels of AEA, 2-AG, and most of the eCB analogues (i.e., 2-LG, 2-OG,
DGLEA, LEA, PEA, POEA, OEA, and SEA) were positively correlated with adiposity (i.e.,
BMI, waist circumference, FBM, and VAT, Figure 1). Notably, POEA showed a negative
corrdlationwith LBM (r=-0.33, P<0.001) and LMI (r=-0.29, P<0.001). DHEA, a-LEA, and
PDEA did not significantly correlate with body composition parameters (Figure 1). 2-AG
and PDEA, but not AEA, showed negative correlations with BAT parameters (i.e., BAT
volume and glucose uptake by BAT; al r<-0.19, P<0.031, Figure 1).

The plasma levels of AEA, 2-AG, and eCB anaogues were positively correlated with
cardiometabolic risk factors (Figure 2). Both 2-AG and AEA showed positive correlations
with the prevalence of metabolic syndrome assessed by ATP 111 (r>0.33, P<0.001, Figure
2) and IDF (r>0.39, P<0.001, Figure 2). Positive correlations were observed between the
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eCBs and glucose parameters (i.e., insulin glucose ratio, glucose, insulin, HOMA index), as
well as some of the lipid parameters (i.e., TC, LDL-C, APOB, and TG levels) and the fatty
liver index (Figure 2). Only AEA showed aweak and negative correlation with adiponectin
levels (r=-0.19, P=0.035, Figure 2). 2-AG and AEA were not correlated with leptin levels.
2-LG, 2-0OG, and most of the NAEs showed positive correlations with the prevaence of
metabolic syndrome assessed by ATP Il (r>0.18, P<0.038) and IDF (r>0.18, P<0.012)
(Figure 2). 2-LG, 2-0OG, and DGLEA were positively correlated with parameters related to
insulin resistance (insulin glucose ratio, glucose, insulin, HOMA index; r>0.17, P<0.046,
Figure 2). DGLEA, PEA, POEA, OEA, and SEA showed positive correlations with lipid
parameters (i.e, TC, LDL-C, APOB, and TG levels, r>0.18, P<0.044, Figure 2).
Interestingly, POEA showed positive correlations with both leptin (r=0.32, P<0.001, Figure
2) and adiponectin levels (r=0.21, P<0.02, Figure 2).

Based on the significant correlations observed, we performed stepwise linear regression
models to study whether the plasma levels of eCBs and their analogues can improve the
prediction of FBM and VAT by classica markers (i.e., leptin and adiponectin). These
analyses showed that AEA and POEA improved the prediction of FBM by leptin and
adiponectin by 14.2%, and the prediction of VAT by 13.7% (Table S2).

3.3 Plasmalevelsof endocannabinoidsand many analoguesare higher in metabolically
unhealthy compared to metabolically healthy overweight-obese participants

In order to further understand the biological meaning of all correlations observed, we
divided the cohort between MHOO (n=38) and MUOO (n=20) individuals. These analyses
showed that these groups were similar in terms of BMI, LMI, and FBM (p>0.27); however,
MUOO participants showed higher VAT depots than MHOO participants (p=0.028, Table
S3). In addition, we found that MUOO individuals showed higher plasma levels of AEA
and 2-AG compared with MHOO (all >18% difference, p<0.034, Figure 3). Similarly, the
plasma levels of NAEs (i.e.,, DHEA, LEA, PEA, and OEA) and 2-OG were aso higher in
MUOO compared with MHOO participants (all >8% difference, P<0.045, Figure 3).
However, dl the significant differences disappeared when VAT was included as a
confounder (data not shown).
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Table 1. Characteristics of the participants

N Total N Men N Women
Age (years) 136 22.1(2.2) 45 22.3(2.3) 91 21.9(2.2)
Body composition
Body massindex (kg/m?) 136 24.9 (4.6) 45 26.8 (5.5) 91 239(3.7)
Lean body mass (kg) 136 41.8(9.7) 45 52.8(7.2) 91 36.3(5.0)
Lean mass index (kg/m?) 136 14.7 (2.4) 45 17.2(2.1) 91 135(1.4)
Fat body mass (kg) 136 24.7 (8.8) 45 24.8 (11.0) 91 24.6 (7.5)
Fat mass (%) 136 35.5(7.6) 45 29.7 (7.6) 91 38.3(5.9)
Fat mass index (kg/m?) 136 8.8(3.0) 45 8.1(3.6) 91 9.1(2.7)
Visceral adipose tissue (g) 136 336.4 (174.1) 45 417.9 (175.9) 91 296.1 (159.2)
Waist circumference (cm) 130 81.0 (4.6) 43 89.9 (15.2) 87 76.5 (10.5)
Brown adipose tissue
BAT volume (mL) 131 68.5 (57.4) 42 78.9 (66.0) 89 63.6 (52.6)
BAT metabolic activity 131 332.9(328.7) 42 326.8 (327.9) 89 335.8 (331.0)
BAT SUVmean 131 3.7(1.9) 42 32(1.3) 89 4.0(2.1)
BAT SUVpesk 131 11.1(8.2) 42 9.9(7.3) 89 11.6 (8.6)
BAT SUVmax 131 12.2(9.0) 42 10.8(8.1) 89 12.8(9.4)

Cardiometabolic risk factors

Metabolic syndrome ATP 111 128 0.5(0.9 42 1.0(1.3) 86 0.2(0.5)
Metabolic syndrome IDF 128 0.7 (1.2) 42 11(15) 86 0.5(0.7)
Fatty liver index 132 20.4 (25.0) 43 36.9 (32.0) 89 12,5 (15.7)
GTP (IU/L) 131 19.0(17.5) 43 28.4(26.8) 88 14.4(6.7)
GGT (IU/L) 131 19.8 (20.0) 43 29.9(29.8) 88 14.9 (9.9
ALP(IUIL) 132 71.3(18.5) 43 79.3(19.4) 89 67.5(16.9)
C-reactive protein (mg/L) 132 24 (3.4) 43 21233 89 25(3.8)
C3 (mg/dL) 132 137.4(23.8) 43 143.0 (26.2) 89 134.7 (22.2)
C4 (mg/dL) 132 28.7 (8.8) 43 30.3(9.9) 89 27.9(8.1)
Insulin glucose retio 132 14.1 (7.0) 43 14.8 (8.8) 89 13.8 (6.0)
HOMA index 132 18(1.2) 43 21(1.6) 89 1.7 (1.0)
Glucose (mg/dL) 132 87.6 (6.6) 43 88.9 (7.4) 89 87.0(6.1)
Insulin (uIU/mL) 132 8.3(4.9) 43 9.1(6.4) 89 8.0 (4.0)
Total cholesterol (mg/dL) 132 165.1(32.2) 43 160.1 (30.9) 89 167.6 (32.7)
HDL-C (mg/dL) 132 52.8 (11.0) 43 46.0 (7.4) 89 56.0 (11.0)
LDL-C (mg/dL) 132 96.0 (25.3) 43 96.5(26.2) 89 95.8 (25.0)
APOA1 (mg/dL) 113 144.7 (27.5) 37 130.0 (16.8) 76 151.9 (28.9)
APOB (mg/dL) 113 69.7 (19.9) 37 72.7(24.4) 76 68.3 (17.3)
Triglycerides (mg/dL) 132 82.5 (44.6) 43 88.2(47.2) 89 79.7 (43.2)
Leptin (ug/L) 129 6.2 (4.4) 42 4.4 (4.0) 87 7.1(4.3)
Adiponectin (mg/L) 127 11.4(7.9) 42 7.7(5.2) 85 13.3(8.3)
Systalic blood pressure (mmHg) 134 116.7 (11.6) 44 125.3 (10.9) 90 112.5(9.5)
Diastolic blood pressure (mmHg) 134 70.9 (7.6) 44 72.2(9.2) 90 70.3(6.7)
Circulating endocannabinoids (peak area ratio)
AEA 133 0.14 (0.06) 43 0.14 (0.05) 90 0.13 (0.06)
2-AG* 133 0.18 (0.13) 43 0.21 (0.21) 20 0.16 (0.07)
AA 133 64.3(20.7) 43 61.14 (18.42) 20 65.81 (21.64)
2-LG* 133 0.17 (0.28) 43 0.22 (0.44) 90 0.15(0.15)
2-0G* 133 0.04 (0.07) 43 0.05(0.12) 20 0.03 (0.04)
DHEA* 133 0.1(0.24) 43 0.12 (0.36) 90 0.08 (0.16)
DGLEA* 132 0.21 (0.08) 43 0.2 (0.06) 89 0.21 (0.09)
LEA 133 0.01 (0) 43 0.01 (0) 20 0.01 (0)
a-LEA 133 1.72(0.27) 43 1.71(0.22) 20 1.72 (0.29)
PEA 132 0.02 (0.01) 43 0.02 (0.01) 89 0.02 (0.01)
PDEA* 133 0.26 (0.2) 43 0.18 (0.12) 20 0.3(0.22)
POEA 133 0.68 (0.2) 43 0.65 (0.17) 90 0.69 (0.21)
OEA 133 1.26 (0.22) 43 1.27(0.21) 90 1.26 (0.23)
SEA 133 0.14 (0.06) 43 0.14 (0.05) 90 0.13 (0.06)

Dataare presented as mean (standard deviation). Abbreviations: 2-AG: 2-arachidonoylglycerol; 2-LG:
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2-linoleoylglyceral; 2-OG: 2-oleoylglycerol; a-LEA: o-linolenoylethanolamine; AA: arachidonic
acid; AEA: anandamide; ALP: Alkaine phosphatase; APOAL: apolipoprotein Al; APOB:
apolipoprotein; BAT: brown adipose tissue; DGLEA: N-dihomo-gammatlinolenoylethanolamine;
DHEA: N-docosahexaenoylethanolamine; C3: complement component 3; C4: complement
component 4; GGT: gamma-glutamyl transferase; GTP: glutamic pyruvic transaminase; HDL-C:
high-density lipoprotein cholesterol; HOMA index: homeostatic model assessment for insulin
resistance index; LDL-C: low-density lipoprotein cholesterol; LEA: N-linoleoylethanolamine;
Metabolic syndrome ATP Il1: Metabolic syndrome prevalence calculated following the National
Cholesterol Education Program Adult Treatment Panel 111 classification; Metabolic syndrome IDF:
Metabolic syndrome prevalence calculated following the International Diabetes Federation (IDF)
classification; OEA: N-oleoylethanolamine; PEA: N-palmitoylethanolamine; PDEA: N-
pentadecanoylethanolamine; POEA: N-palmitoleoylethanolamine; SEA: N-stearoylethanolamine;
SUV: standardized uptake value. * Analytes to be considered with caution, as relative standard
deviations were between 15% and 30% in quality control samples.

& oy ?‘Ov‘" o G'L’OOO&ZO\%? & @:("YQOQ’ZO@?;)@@(”? 1
Body Mass Index [o.3s o.22 0.27 0.22 0.27 0.25 0.2 0.21
Lean body mass 0.21 0.17 -0.33 0.8
Lean mass index 0.7 o2 02 02 -0.29 06
Fat body mass o037 o2 0.24 0.18 0.36 0.28 0.24 019 023 || 04
Fat mass % o.ar 0.19 039 0.27 0.23 039 0.23
Fat mass Index o.s 0.26 0.38 0.31 0.26 024 021 018 | | 02
Visceral Adipose Tissue o023 o024 024 0.19 026 0.23 o
Waist Circumference o.2e o.21 021 02 0.27 02
BAT Volume -0.2 -0.22 -0.25 -0.17
BAT Metabolic Activity -0.19 -0.24 04
BAT SUVmean -0.23 -0.23 -0.8
BAT SUVpeak -0.2 -0.21 08
BAT SUVmax -0.21 -0.2

Figure 1. Pearson correlations between plasma levels of endocannabinoids and their analogues with
body composition and brown adipose tissue parameters in young and sedentary adults (n=133). Every
box represents a statisticaly significant correlation coefficient (P<0.05), whereas empty spaces
represent no statistically significant correlations. Blue and red boxes indicate positive and negative
correlations, respectively. 2-AG: 2-arachidonoylglycerol; 2-LG: 2-linoleoylglycerol; 2-OG: 2-
oleoylglycerol; a-LEA: N-a-linolenoylethanolamine; AA: arachidonic acid; AEA: anandamide; BAT:
brown adipose tissues DGLEA: N-dihomo-gammarlinolenoylethanolamine; DHEA: N-
docosahexaenoylethanolamine; LEA: N-linoleoylethanolamine; OEA: N-oleoylethanolamine; PEA:
N-palmitoylethanolamine; PDEA: N-pentadecanoylethanolamine; POEA: N-
pa mitoleoylethanolamine; SEA: N-stearoylethanolamine; SUV: standardized uptake value.
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O ¥ &K
o v?mgoo(oc’\’&o Q({’QOQ/ V%Q’v 1
Metabolic Syndrome ATP Il o.33 o0.38 0.3 0.25 0.19 0.2 0.22 0.24 0.18 0.25
Metabolic Syndrome IDF 0.3 0.42 0.25 0.3 0.25 0.18 0.25 0.25 0.25 0.22 0.24
Fatty Liver Index 0.33 o0.28 0.28 0.25 0.24 0.24 0.23 0.28 0.8
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Figure 2. Pearson correlations between plasma levels of endocannabinoids and their analogues with
cardiometabolic risk factors in young sedentary adults (n=133). Every box represents a statistically
significant correlation coefficient (P<0.05), whereas empty spaces represent no statistically significant
correlations. Blue and red boxes indicate positive and negative correlations, respectively. 2-AG: 2-
arachidonoylglycerol; 2-LG: 2-linoleoylglycerol; 2-OG: 2-oleoylglycerol; o-LEA: o-
linolenoylethanolamine; AA: arachidonic acid; AEA: anandamide; ALP: akaline phosphatase;
APOAZ1: apolipoprotein A1; APOB: apolipoprotein B; BAT: brown adipose tissue; C3: complement
component C3; C4: complement component C4; CRP: C-reactive protein; DGLEA: N-dihomo-
gammea-linolenoylethanolamine; DHEA: N-docosahexaenoylethanolamine; GTP: transaminase; GGT:
gamma-glutamyl transferase; HDL-C: high-density lipoprotein cholesterol; HOMA index:
homeostatic model assessment for insulin resistance index; LDL-C: low-density lipoprotein
cholesterol; LEA: N-linoleoylethanolamine; Metabolic syndrome ATP IlI: Metabolic syndrome
prevalence cal culated following the National Cholesterol Education Program Adult Treatment Panel
111 classification; Metabolic syndrome I DF: Metabolic syndrome prevalence calculated following the
International Diabetes Federation (IDF) classification; OEA: N-oleoylethanolamine; PEA: N-
pa mitoylethanolamine; PDEA: N-pentadecanoylethanolamine; POEA: N-pal mitoleoylethanolamine;
SEA: N-stearoylethanolamine.

74



Endocannabinoids and cardiometabolic risk

P=0.034 P=0.014
< 0.0 U] 0 o MHOO (n=38)
L < ® MUCO (n=20)
g 0.5 N i o ! .
O : % 2 i
8 10 e o .
~ @]
1.5 — -4
~0 05 Pe0.026
0 3 P=0.052 O ° o
_II 1 O -1 g 20
o~ o i
= ) =
= -1 oro [} — ry
N = a3 () 18
. o Q 4 o 14
9 3 (@] 1
— -
4 5 12
< ., P=0.079 0,044 < os P=0.043
0.0 .
4 < i
T 20
g A5 — s ° s O
o HE
e - 2 1] v
o Q oy S o ) e
15
Q - Q
25 15 — 20
. P=0.027 < P=0132 < R P=0 345
g 0 1.2 16
wl Ll -
w 1 &
o 0.4 o -l o 1.5
o 03 ol° g 1.8 D"' 2.0 GOQGD o
—_
0.2 * — 18 - -2z
(V] On 0] Q) 2008 e
O ot e 2 o 2 o
—
0D = 2 — 28
" P=0.584
0.2 03 o <C 05 >
<C < i
u w O o] &
o oo ) 0 da & g )
&
E 0.2 E 01 [ TS @ m
Q s Q ool ke O o] T e
(O [ o
~ ~ (@] o=
08 201 — s

Figure 3. Differences in plasma levels of endocannabinoids and their analogues between
metabolically healthy overweight-obese (MHOO) individuals and metabolically unhealthy
overweight-obese individuals (MUQO). Pvalues were obtained from one-way analyses of covariance
(ANCOVA) and were adjusted for sex. 2-AG: 2-arachidonoylglycerol; 2-LG: 2-linoleoylglycerol; 2-
OG: 2-oleoylglyceral; a-LEA: N-a-linolenoylethanolamine; AA: arachidonic acid; AEA: anandamide;
DGLEA: N-dihomo-gammea-linolenoylethanolamine; DHEA: docosahexaenoylethanolamine;
HOMA: homeostatic model assessment for insulin resistance index; LEA: N-linoleoylethanolamine;
OEA: N-oleoylethanolamine; PEA: N-pal mitoylethanolamine; PDEA: N-pentadecanoylethanolamine;
POEA: N-palmitoleoylethanolamine; SEA: N-stearoylethanolamine.
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DISCUSSION

In this study, we found that plasma levels of eCBs and their analogues were positively
correlated with adiposity and cardiometabolic risk factors in young adults. Moreover,
MUOO participants displayed significantly higher plasma levels of eCBs and their
anal ogues than MHOO participants, although these differences disappeared when VAT was
included as confounder. These findings show that plasmalevels of eCBsand their anal ogues
can predict body composition parameters such as VAT, which suggests that these

metabolites may be used as early markers of cardiometabolic risk in young adults.

The positive correlations between plasma levels of eCBs and adiposity might be explained
by i) therole of ECSin regulating energy metabolism or ii) the secretion of eCBs and other
analogues by white adipose tissue (WAT) and VAT. In the central nervous and digestive
systems, elevated eCB levels stimulate food intake and increase food-seeking behavior in
mice>?-3L, In human WAT, CB1R activation increases fat storage by stimulating fatty acid
uptake, de novo lipogenesis, and adipocyte differentiation®2. Moreover, VAT synthesizes
and secrets eCBs into the circulation®33, which supports the correlation we observed, and
in turn, may further stimulate food intake . On the other hand, our results show that 2-AG
is negatively correlated with BAT glucose uptake, suggesting that activation of ECS might
be related to decreased BAT activity in humans. This is in accordance with a preclinical
study in which CB1R blockade increased BAT activity®, which suggests that 2-AG may
inhibit BAT activity by binding to CB1R.

We also observed a positive correlation between plasmalevels of eCBs and cardiometabolic
risk factors, including parameters related to insulin resistance, dyslipidemia, and metabolic
syndrome. Similar results have been reported in a clinical study where plasma levels of 2-
AG, but not AEA, were positively correlated with cardiometabolic risk factors (i.e., HDL-
C, TG, insulin, and glucose levels) in a cohort of 62 middle-aged males (age = 42.2 £ 7.8
years, BMI = 27.4 + 4.5 kg/m?)°. These results are in accordance with a preclinical
experiment, where chronic exposure to corticosterone led to an increase of plasma eCBs
levels and the devel opment of metabolic syndrome®. Another study in mice revealed that a
high-fat diet-induced activation of ECS in liver and WAT to insulin-resistance®.
Interestingly, these mice studies reported that higher hepatic and plasma eCB levels, aswell
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as a higher hepatic expression of eCB synthesis enzymes, are linked to a deteriorated liver
function®"%, This deterioration of liver function is attenuated by CB1R deficiency or CB1R
inhibition®, suggesting that this deterioration of liver function is mediated by the activation
of ECS. At the same time, we did not observe any correlations between plasma eCBs and
liver function parameters (i.e., GPT, GGT, and ALP), which could be explained by the
relatively young age of our cohort.

Similar to AEA and 2-AG, their analogues (i.e., 2-OG, DHEA, LEA, PEA, and OEA) also
showed positive correlations with adiposity parameters and cardiometabolic risk factors.
NAEs are produced from N-acyl phosphatidylethanolamines (NAPES) by NAPE-specific
phospholipase D (NAPE-PLD) and catabolized by fatty acid amide hydrolase (FAAH)037,
Alterations of the metabolic enzymes involved in eCBs metabolism have been observed in
adi pose tissues from obese individual s, including down-regulation of FAAH that could
explain the higher levels of AEA and other NAEs with increased adiposity.

Interestingly, we observed that the plasma levels of eCBs and their analogues were
significantly higher in MUOQO participants compared with MHOO participants athough
these differences disappeared when VAT was included as confounder. This result showsthat
VAT may be a key endocrine organ that could regulate the plasma levels of eCBs and their
analogues. Thus, further studies are required to unveil whether individualswith higher eCBs
and their analogues levels in the circulation have higher VAT mass, or whether VAT
differently contributes to the synthesis of eCBs and their analogues compared to other

adipose tissue depots (e.g., subcutaneous adipose tissue).
Strengths and limitations

Most of the eCB analogues, including the unstudied ones like POEA, have been analysed
with our LC-M S method. Moreover, our study population sizeisthe largest cohort reporting
eCBs and their analogues in combination with BAT parameters so far. This study also has
limitations. The area peak ratio but not the absol ute plasma concentration of eCBs and their
analogues were reported. No causality can be established due to the inherent limitation of
all cross-sectiona studies. Since we only included young adults, we cannot extrapolate our
results to older or unhealthy populations. Finally, the results related to BAT parameters
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should be treated with caution, as the method for quantifying BAT volume and activity has

limitations, as described elsewhere 3940,

CONCLUSIONS

The plasmalevels of eCBs and their analogues are related to higher levels of adiposity and
cardiometabalic risk factors in young adults. Of note, MUOO participants showed higher
plasma levels of eCBs and their analogues than their MHOO counterparts, and the
differences disappeared when VAT was included as a confounder. Overall, our results
suggest that eCBs and their analogues may be used as potential markers for the diagnosis
of cardiometabolic risks even in young healthy adults.
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SUPPLEMENTARY MATERIALS

1. Determination of circulating endocannabinoids and endocannabinoid analogues
Endocannabinoids (eCBs), i.e., anandamide (AEA) and 2-arachidonylglycerol (2-AG), and
eCB analogues, i.e, 2-linoleoylglycerol (2-LG), 2-oleoylglycerol (2-OG), a-
linolenoylethanolamine (a-LEA), dihomo-gamma-linolenoylethanolamine (DGLEA),
docosahexaenoylethanolamine (DHEA), linoleoylethanolamine (LEA),
oleoylethanolamine (OEA), pamitoylethanolamine (PEA), pentadecanoylethanolamine
(PDEA), pamitoleoylethanolamine (POEA), and stearoylethanolamine (SEA), together
with arachidonic acid (AA) were assessed in plasma samples using liquid chromatography
— tandem mass spectrometry (LC-MS/MS).

The acyl-glycerols are biologically present under two isomeric forms, namely, 1-AG and 2-
AG, 1-LG and 2-LG, as well as 1-OG and 2-OG, respectively. For each isomer pair, a
baseline separation was obtained between the two isomers with the developed LC-MS/MS
method, asillustrated in Fig. S1. However, isomeric conversion due to acyl transformation
of the 2-isomer into 1-isomer after sampling is a known mechanism, notably reported for
2-AG. Since this conversion could not be experimentally controlled, we summed the peak
areas of both isomers 1-AG and 2-AG before calculating the peak area ratio and labelled
the isomer pair “2-AG”. The same strategy has been applied for the isomer pairs 1-LG and
2-LG aswell as 1-OG and 2-OG, which were labelled “2-LG” and “2-OG", respectively.
Blank effects, corresponding to the signal observed for blank samples, were below 10% for
all metabolites except PEA and SEA. Thelatter were included for further dataanalysis after
blank subtraction, as additional experiments confirmed the reproducibility of the blank
signal independent of the solvent batch.

1.1. Sample preparation

The sample preparation, except the evaporation step, was carried out under ice-cold
conditions until LC-MS/MS analysis to prevent analyte degradation. eCBs and eCB
analogues were extracted using liquid-liquid extraction. Before the extraction, 5 uL of an
antioxidant solution composed of 0.4 mg/mL of butylated hydroxytoluene (BHT) and 10
pL of astandard internal mixture containing the isotopically-labelled anal ogues were added
to 150 pL of thawed plasma samples. Then, 150 pL of a buffer solution composed of 0.2 M
citric acid and 0.1 M disodium hydrogen phosphate at pH 4.5 were added to the samples.
One mL of the extraction solution composed of butanol (BuOH) and methyl-tert-butylether
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(MTBE) in aratio 50:50 (v/v) was then added before agitation for 5 min using a bullet
blender and centrifugation at 16,000g for 10 min at 4°C. The organic supernatant (900 pL)
was collected and evaporated to dryness using a SpeedVac under room temperature. The
dry residues were then reconstituted in 50 L of an ice-cold solution of methanol (MeOH)
and acetonitrile (ACN) 70:30 (v/v), prior to agitation (5 min) and centrifugation at 16,0009
for 10 min at. Finally, 40 pL of the supernatant was transferred into a glass vial for further
LC-MS/MS analysis.

1.2. Liquid chromatography — tandem mass spectrometry

Relative quantitation of eCBs and their analogues was carried out using a SCIEX QTRAP®
LC-ESI-MS/MS System (SCIEX, Framingham, Massachusetts, USA). The separation was
performed using aBEH C18 column (50 mm x 2.1 mm, 1.7 um) from Waters Technologies
(Milford, MA, USA) maintained at 40 °C. The mobile phase was composed of 0.1% acetic
acid in water (A), MeCN/0.1% acetic acid in MeOH (90:10, v/v, B), and 0.1% acetic acid
in isopropanol (C). The gradient was the following: starting conditions 20% B and 1% C;
increase of B from 20% to 26% between 0.75 min and 0.95 min; increase of B from 26%
to 34% between 0.95 min and 6 min; increase of B from 34% to 40% between 6 min and 8
min; increase of B from 40% to 54% between 8 min and 10 min; increase of B from 54%
to 56% between 10 min and 12 min; increase of C from 1% to 3% between 11 min to 12
min; increase of B from 56% to 78% between 12 min and 13 min; increase of C from 3%
to 6% between 12 min to 13 min; increase of B from 78% to 85% between 13 min and 14
min; increase of C from 6% to 15% between 13 min to 14 min; conditions kept for 0.5 min
prior to returning to initial conditions at 14.8 min and re-equilibration for 1.2 min. The flow
rate was 0.7 mL/min. The sample injection volume was 10 pL, preceded by the injection of
20 pL of mobile phase A as stacking solution to improve peak shape and increase sensitivity.
Electrospray ionization (ESI)-MS acquisition was carried out in negative mode, with the
following ESI parameters. source temperature, 600°C; Gas 1 (nebulizer gas), 50 L/min; Gas
2 (heater gas), 50 L/min; curtain gas, 30 L/min; collision gas, medium; ion spray voltage,
4500V for positive and -4500 V for negative. Selected reaction monitoring (SRM) was used
for data acquisition.

1.3. Data pre-processing

Peak detection and integration were carried out using SCIEX OS software. Theratio of the
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analyte peak area to the peak area of the corresponding isotopically-labelled internal
standard referred to asthe peak area ratio was used for further dataanalysis. Quality control
(QC) samples were prepared using plasma samples from healthy subjects and prepared
simultaneously as the study samples. QC samples were regularly injected during the
measurements and used to evaluate the data quality, including blank effect, retention time
shifts, and peak area ratios, as well as correct for between-batch variations using the in-
house developed mzQuality workflow (available at http://www.mzQuality.nl)?. Relative

standard deviations (RSDs) were calculated for each internal standard and analyte present
in the QC samples. Metabolites with RSDs < 15% were included in further data analyses.
Metabolites showing RSDs higher than 30% on peak area ratios in QC samples were
excluded. Metabolites with 15% < RSDs < 30% were marked and should be interpreted

with caution.
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Figure S1. Chromatograms were obtained with the analysis of acyl-glycerols using LC-MSMS. A)
separation between 2-AG and 1-AG. However, due to acyl migration, the sum of the two peaks areas
was used for further data analysis. This strategy was also applied to 2-OG (c) and 2-LG (d). 2-AG-ds
(deuterated form of 2-AG) was used as the internal standard for all the acyl-glycerols. 2-AG: 2-
arachidonylglycerol; 1-AG: 1-arachidonoylglycerol; 2-AG-ds: 2-arachidonoylglycerol-ds; 2-LG: 2-
linoleoylglyceral; 1-LG: 1-linoleoylglyceral; 2-OG: 2-oleoylglyceral; 1-OG: 1-oleoylglyceral.

Table S1. List of internal standards.

Abbreviation Name (I nternational Union of Pure and Applied Chemistry, IUPAC)
ds-2-AG 2-(57,8Z,117 147 -eicosatetraenoyl)-sn-glycerol-ds

d8-AEA N-(5Z,8Z,11Z,14Z-eicosatetraenoyl)-ethanolamine-ds

d4-DHEA N-(42,7Z,10Z,13Z,16Z,19Z-docosahexaenoyl)-ethanolamine-da
d4-LEA N-(92,12Z-octadecadienoyl)-ethanolamine-ds

d4-OEA N-(9Z-octadecenoyl)-ethanolamine-ds

d4-PEA N-hexadecanoyl-ethanolamine-ds

d3-SEA N-(Octadecanoyl)-ethanolamine-ds

2-AG: 2-arachidonoylglycerol; AEA: anandamide; DHEA: N-docosahexaenoylethanolamine; LEA:
N-linoleoylethanolamine; OEA: N-oleoylethanolamine; PEA: N-palmitoylethanolamine; SEA: N-

stearoyl ethanolamine.
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Table S2. Results from forward stepwise regression models assessing the independent

association of the predictors with body composition parameters in young healthy adults.

FAT BODY MASS (kg) (n=121)

B B 95% ClI P (coefficients) R? R? F Change P (model)
change

Step 1 0.432 - 90.446 <0.001
Leptin 16.285 1.712 12895 , 19.676 <0.001

Step 2 0.495 0.063 16.949 <0.001
Leptin 15.370 1.623 12155 , 18584 <0.001

AEA 15.459 3.755 8.023 , 2289 <0.001

Step 3 0.574 0.079 22.875 <0.001
Leptin 17.367 1.548 14301 , 20434 <0.001

AEA 27.456 4.265 19.010 , 35.902 <0.001

POEA -11.504 2.405 -16.268 , -6.740 <0.001

Step 4 0.585 0.011 4.050 <0.001
Leptin 16.975 1.541 13923 , 20.027 <0.001

AEA 35.755 5.893 24.083 , 47427 <0.001

POEA -8.720 2.748 -14.163 , -3.277 0.002

OEA -18.012 8.950 -35.738 , -0.286 0.046

VISCERAL ADIPOSE TISSUE (g) (n=121)

Step 1 0.180 - 26.133 <0.001
Adiponectin -265.702 -0.424 -368.619 , -162.786 <0.001

Step 2 0.308 0.128 21.746 <0.001
Adiponectin -246.583 -0.3%4 -341.908 , -151.258 <0.001

Leptin 175.509 0.358 100978 , 250.040 <0.001

Step 3 0.369 0.061 11.354 <0.001
Adiponectin -219.727 -0.351 -312.488 , -126.967 <0.001

Leptin 160.290 0.327 88.265 , 232316 <0.001

AEA 287.101 0.254 118357 , 455.845 0.001

Step 4 0.445 0.076 15.990 <0.001
Adiponectin -137.186 -0.219 -233.623 |, -40.748 0.006

Leptin 206.537 0.422 134955 , 278.119 <0.001

AEA 566.500 0.500 355.796 , 777.205 <0.001

POEA -243.414 -0.395 -363.978 , -122.850 <0.001

Step 5 0.467 0.021 4.591 <0.001
Adiponectin -145.149 -0.232 -240421 |, -49.877 0.003

Leptin 200.508 0.410 129.782 , 271.234 <0.001

AEA 510.491 0.451 296.593 , 724.388 <0.001

POEA -231.377 -0.376 -350.648 , -112.106 <0.001

2-AG 52.589 0.151 3.973 101.206 0.034

B: standardized regression coefficient; B: unstandardized regression coefficient; Cl. confidence interval; R? adjusted
coefficient of determination. expressing the percentual variability of the dependent variable explained by each model; R?
change: additional percentual variability explained by the model due to the inclusion of new metabolites. AEA: anandamide;
2-AG: 2-arachidonoylglycerol; OEA: N-oleoylethanolamine; POEA: N-pa mitoleoylethanolamine.
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Table S3. Descriptive characteristics of metabolically healthy overweight-obese (MHOO)

and metabolically unhealthy overweight-obese (MUOO) participants.

n (% n (%

men) MHOO women) MUOO P
Age (years-old) 39(282) 221 + 04 21(71.4) 231 * 05 0127
Body massindex (kg/m?) 39 289 = 05 21 303 £ 07 0.270
Lean mass index (kg/m?) 38(26.3) 469 + 92  19(737) 477 + 129 0629
Visceral adipose tissue (g) 38 4689 + 236 19 564.3 + 331 0.028
Fat body mass (kg) 38 327 £ 124 19 346 + 174 0.400
Glucose (mg/dL) 39 871 + 11 21 947 + 16 <0.001
Insulin (LU/mL) 39 95 + 11 21 152 + 15 0.010
HOMA index 39 21 + 03 21 37 £ 04 0.008
High-density lipoprotein cholesterol (mg/dL) 39 499 + 16 21 466 + 23 0271
Low-density lipoprotein cholesterol (mg/dL) 39 R7 = 47 21 1129 + 65 0.018
Total cholesterol (mg/dL) 39 156.2 + 5.9 21 186.2 + 83 0.007
Triglycerides (mg/dL) 39 652 + 9.9 21 162.1 + 139 <0.001
Systolic blood pressure (mmHg) 38(26.3) 1205 + 19 21 1295 + 25 0.008
Diastolic blood pressure (mmHg) 38 69.2 + 12 21 751 + 17 0.013

Data are means and standard mean error. P vaues from analyses of covariance adjusting by sex.

HOMA: homeostatic model assessment for insulin resistance index.

87



