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Abstract

Objective: Cannabinoid type 1 receptors (CB1R) modulate feeding behavior and
energy homeostasis, and the CB1R tone is dysgulated in obesity. This study aimed to
investigate CB1R availability in peripheral tissue and brain in young men with over-
weight versus lean men.

Methods: Healthy males with high (HR, n = 16) or low (LR, n = 20) obesity risk
were studied with fluoride 18-labeled FMPEP-d, positron emission tomography
to quantify CB1R availability in abdominal adipose tissue, brown adipose tissue,
muscle, and brain. Obesity risk was assessed by BMI, physical exercise habits, and
familial obesity risk, including parental overweight, obesity, and type 2 diabetes.
To assess insulin sensitivity, fluoro-[*8F]-deoxy-2-D-glucose positron emission
tomography during hyperinsulinemic-euglycemic clamp was performed. Serum
endocannabinoids were analyzed.

Results: CB1R availability in abdominal adipose tissue was lower in the HR than in
the LR group, whereas no difference was found in other tissues. CB1R availability of
abdominal adipose tissue and brain correlated positively with insulin sensitivity and
negatively with unfavorable lipid profile, BMI, body adiposity, and inflammatory
markers. Serum arachidonoyl glycerol concentration was associated with lower CB1R
availability of the whole brain, unfavorable lipid profile, and higher serum inflamma-
tory markers.

Conclusions: The results suggest endocannabinoid dysregulation already in the preo-

besity state.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.
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CB1 RECEPTOR AVAILABILITY IN OVERWEIGHT

INTRODUCTION

The number of people with obesity is increasing worldwide [1]. Obesity
is a complex disease characterized by excess adipose tissue accumulation
increasing the risk for other diseases and metabolic abnormalities [2].
Because of the significant burden to individuals and community due to
obesity, effective tools for preventing and treating obesity are needed.

The endocannabinoid system (ECS) plays a central role in regulat-
ing food intake, energy homeostasis, and lipid metabolism at both the
central and peripheral level [3, 4]. ECS consists of two G protein-
coupled receptors: cannabinoid type 1 and type 2 (CB1R and CB2R,
respectively) receptors, their ligands endocannabinoids, and the
ligand-metabolizing enzymes [4]. CB1Rs, which are essential in energy
homeostasis, are widely expressed in the central nervous system,
notably in brain regions controlling energy balance and feeding behav-
ior such as the hypothalamus, corticolimbic circuits, ventral tegmental
area, and brain stem [5, 6]. Peripherally, CB1Rs are expressed in tis-
sues controlling energy homeostasis, including gastrointestinal tract,
adipose tissue, liver, skeletal muscle, and endocrine pancreas.

Endocannabinoids, of which the most studied are anandamide
(AEA) and 2-arachidonoylglycerol (2-AG), act as ligands to CB1Rs,
which exert a cascade promoting energy preservation leading to
increased food intake, adipose tissue accumulation, increased levels of
proinflammatory markers, decreased energy expenditure and thermo-
genesis, insulin resistance, and weight gain [3-7]. Endocannabinoids are
synthesized and released locally on demand under tight regulation by
neurons [3, 4]. During a prolonged metabolic dysregulation, however,
the ECS tone can become upregulated; CB1R upregulation and
increased levels of endocannabinoids in brain, peripheral tissue, and cir-
culation have been found in animals and humans with obesity [7, 8].

Antagonism of CB1Rs contributes to reductions of food intake,
body weight, adiposity, insulin resistance, and plasma triglycerides and
an increase in the high-density lipoprotein (HDL)/low-density lipopro-
tein (LDL) cholesterol ratio [4, 7, 8]. After withdrawal of the first CB1R
inverse agonist rimonabant (SR141716) from clinical use because of its
neuropsychiatric side effects, therapeutic strategies targeting the
peripheral ECS have been investigated. In murine models, peripherally
restricted CB1R antagonists or inverse agonists and allosteric inhibitors
of CB1Rs, compounds decreasing endocannabinoid synthesis or increas-
ing endocannabinoid degradation, have been shown to have beneficial
effects by reducing food intake, weight, hyperleptinemia, insulin resis-
tance, and dyslipidemia without central side effects [6, 9].

Recently, we found no significant difference in CB1R availability
in brain of healthy lean males versus males with overweight studied
using positron emission tomography (PET) imaging and CB1R inverse
agonist radioligand fluoride 18-labeled FMPEP-d, ([3R,5R]-5-[3-meth-
oxy-phenyl]-3-[{R}-1-phenyl-ethylamino]-1-[4-trifluoro-methyl-phenyl]
-pyrrolidin-2-one). However, BMI and parental history of overweight,
obesity, and type 2 diabetes (T2D) had a negative association with
CB1R availability [10]. Here, we investigated CB1R availability in
peripheral tissues and in the whole brain in the same sample with
[*8F]FMPEP-d, PET imaging [11] and compared the tissue CB1R avail-
ability with insulin sensitivity, body adiposity, and related cardiometa-
bolic risk factors and circulating endocannabinoid levels. We found
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Study Importance
What is already known?

e Cannabinoid type 1 receptors (CB1Rs) participate in the
control of energy balance and lipid and glucose metabo-
lism at the central and peripheral level, and obesity is asso-
ciated with dysregulation of the endocannabinoid system.

e CB1R availability can be studied in vivo using positron
emission tomography (PET) imaging and CB1R inverse
agonist radioligand [*®F]JFMPEP-d,.

What does this study add?

o We found lower abdominal adipose tissue CB1R availabil-
ity in young men with overweight, as compared with lean
men, and an association between lower CB1R availability
and decreased insulin sensitivity, unfavorable lipid profile,
and higher body adiposity and inflammatory markers.

e Whole-brain CB1R availability did not differ between the
groups, but lower cerebral CB1R availability was associ-
ated with decreased whole-body insulin sensitivity and
higher body adiposity.

How might these results change the direction of
research or the focus of clinical practice?

o The study findings provide further knowledge about the
endocannabinoid system dysregulation that may take
place already in the preobesity state and encourage fur-
ther effort for investigating CB1Rs as a target to treat

obesity and metabolic disorders.

that obesity risk was associated with lowered CB1R availability in
abdominal adipose tissue, which, in turn, was associated with
decreased insulin sensitivity, unfavorable lipid profile, and higher

weight, BMI, body adiposity, and inflammatory markers.

METHODS
Study participants

We studied 21 healthy young male participants with low (LR) and
16 with high (HR) obesity risk. A detailed description of the recruit-
ment, inclusion, and exclusion criteria and a screening visit has been
previously published [10]. Briefly, inclusion criteria for the LR group
were male sex, age 20 to 35 years, BMI of 18.5 to 24.9 kg/mz, leisure
time physical activity 24 hours per week, and no parental overweight,
obesity, or T2D. Inclusion criteria for the HR group were male sex, age
20 to 35 years, BMI of 25 to 30, leisure time physical activity <4 hours
per week, and parental overweight, obesity, or T2D. Overweight,
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physical inactivity, and parental obesity and T2D have been established
as risk factors for future obesity [12-17]. One HR participant's
[*8F]FMPEP-d, uptake in brown adipose tissue (BAT) was not possible
to analyze reliably because of marked spillover from adjacent
structures.

The sample size was determined by a priori power analysis based
on earlier PET studies on obesity [18] suggesting that a sample size of
16 + 16 would be sufficient for power of 0.95 at p < 0.05, assuming
effect size (r) = 0.5. Each participant provided written informed con-
sent. The study protocol was approved by the Ethics Committee of the
Hospital District of Southwest Finland and conducted in accordance
with the principles of the Declaration of Helsinki. The study is a part of
the PROSPECT project registered at ClinicalTrials.gov (Neuromolecular
Risk Factors for Obesity, PROSPECT, NCT03106688).

Study design

CB1R availability was measured with dynamic PET/computed tomogra-
phy (CT) using the CB1R inverse agonist radioligand [*®F]JFMPEP-d.,.
Tissue glucose uptake (GU) rates were determined with fluoro-[*8F]-
deoxy-2-D-glucose (FDG) PET/CT during a hyperinsulinemic-euglyce-
mic clamp. Whole-body insulin sensitivity (M value) and endogenous
glucose production (EGP) were calculated. Magnetic resonance imaging
(MRI) was conducted to assess abdominal subcutaneous (SAT) and vis-
ceral (VAT) adipose tissue masses. PET/CT and MRI studies were per-
formed at room temperature on separate days at the Turku PET
Centre, Finland. Body fat mass percentage was measured with an air
displacement plethysmograph (the Bod Pod system, software version
5.4.0, COSMED, Inc.) after at least 4 hours of fasting. Serum endocan-

nabinoid levels and metabolic biomarkers were quantified.

Radiochemistry

The radioligand [*®F]FMPEP-d, was synthesized according to the
standard operating procedure of the Turku PET Centre as previously
described [10, 19]. FDG was produced using the FASTlab synthesis
platform (GE Healthcare) according to the modified method of Hama-
cher et al. [20] and Lemaire et al. [21].

[*8F]FMPEP-d, PET/CT scanning protocol

[*®F]FMPEP-d, PET images were acquired with PET/CT
(GE Discovery VCT PET/CT, GE Healthcare) after a 6- to 12-hour fast.
The study protocol has been described in detail in our previous report
[10]. In brief, two catheters were inserted in veins of opposite fore-
arms, one for blood sampling and one for [*F]FMPEP-d, injection.
Blood samples were collected to measure hematocrit and serum
endocannabinoid concentrations before the scan. A heating pillow
was used on the arm to obtain arterialized blood samples. Then 147
to 215MBq of ['®FIFMPEP-d, was injected intravenously, and
dynamic scans of the brain (60 minutes), neck (12 minutes), and

abdomen (9 minutes) and a late scan of the brain were conducted. CT
scans of each region were performed for photon attenuation and ana-
tomical reference. Arterialized venous blood samples were drawn on
the opposite arm from the injection site to measure plasma radioactiv-
ity and [*®F]FMPEP-d, radio-metabolites. Radioactivity was measured
with an automatic gamma counter (Wizard 1480 3”, Wallac).

[*8F]JFMPEP-d, PET/CT image analysis

CB1R availability of tissues was quantified from [*F]FMPEP-d, PET/
CT images by determining fractional uptake rate (FUR) and volume
distribution (V) of the radioligand as previously described [11]. Cari-
mas Software (version 2.9, Turku PET Centre, https://turkupetcentre.
fi/software/) was used for image analysis of SAT, intraperitoneal
white adipose tissue (IWAT) and retroperitoneal white adipose tissue
(RWAT), BAT, and muscle. Regions of interest (ROIl) were manually
drawn on the fused PET/CT images to several volumes of abdominal
SAT, IWAT, and RWAT. BAT ROlIs were drawn bilaterally in supracla-
vicular adipose tissue depots. For ROIs of adipose tissue, only voxels
of Hounsfield units (HU) within the range of —50 to —250 HU were
included [22]. Muscle ROIs were drawn bilaterally in the deltoid mus-
cle. To limit the effect of spillover due to partial volume effect and
motion, several ROIs in several slices of images for each tissue were
drawn avoiding large vessels. Radio-metabolite corrected plasma input
for image analysis was determined by correcting the acquired plasma
time-activity curve (TAC) with the parent tracer fraction measured
using thin layer chromatography and digital autoradiography as previ-
ously described [6].

FUR of the [*®F]FMPEP-d, in each peripheral tissue was calculated
by dividing the tissue radioactivity concentration at time X by the Area
Under the Curveg.x of the radio-metabolite corrected plasma TAC. V¢ of
each peripheral tissue was calculated by dividing the radioactivity con-
centration in tissue by radio-metabolite corrected plasma TAC, whereas
the tissue scans were performed as late scans. Vr of the [*®F]FMPEP-d,
in the whole brain was determined by applying the reversible one-tissue
compartmental model using the radio-metabolite corrected plasma TAC
as model input as presented earlier [10, 11, 23]. Mean V5 of brain was
computed as the average of all white and gray matter voxels within the

Montreal Neurological Institute (MNI) space template.

FDG PET/CT scanning protocol and image analysis

The FDG PET/CT scanning protocol has been detailed in our previous
report [10]. Studies were done after a 12-hour overnight fast with the
GE Discovery (Discovery 690 PET/CT, GE Healthcare) PET camera.
Hyperinsulinemic-euglycemic clamp was applied as previously
described [24] in order to measure whole-body insulin sensitivity. A
detailed description of the FDG PET/CT scanning protocol,
hyperinsulinemic-euglycemic clamp execution, PET/CT image analysis,
determination of plasma input, quantification of tissue-specific GU
rates, and measurement of EGP is available in the online Supporting
Information.
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TABLE 1 Characteristics of the study participants in the LR and HR groups

LR (n = 21)
Age (y) 23+3
Weight (kg) 70.6 +7.6
BMI (kg/m?) 22120
Body fat mass (kg) 11.9£43
Body fat mass (%) 16.7 +5.4
Fat-free mass (kg) 59.2+ 6.8
Abdominal SAT mass (kg) 28+10
VAT mass (kg) 14 +0.8
Systolic blood pressure (mm Hg) 124 + 12
Diastolic blood pressure (mm Hg) 76 £ 10
Fasting
Plasma glucose (mmol/L) 4.9 +0.5
Plasma insulin (pmol/L) 38.7+212
Serum FFA (mmol/L) 0.30+0.11
2-Hour OGTT
Plasma glucose (mmol/L) 47 +1.0
Plasma insulin (pmol/L) 163.7 + 144.5
HbA ;. (mmol/mol) 29 +2
HbA; . (%) 48+02
hs-CRP (mg/L) 0.4 +0.3
M value (umol/kg/min) 57.0+14.2
M value (umol/kgggpm/min) 68.8+17.3
Rd (umol/kg/min) 50.7 + 10.6
Rd (umol/kggrm/min) 61.1+11.6
EGP (umol/kg/min)? -33+638
EGP (umol/kggepm/min)? —20+9.1
Clamp serum FFA (mmol/L) 0.03 +£0.01
Glucose uptake (umol/100 g/min)
Abdominal SAT 22+08
VAT 32+0.7
BAT® 31+08
Muscle® 51+13
Femoral SAT® 1.9 +0.7
Liver 25+0.6

HR (n = 16) p value
28+4 0.0008
921+79 <0.0001
273+19 <0.0001
284 +8.9 <0.0001
30.0+£79 <0.0001
63.8+53 0.03
72+24 <0.0001
3.8+12 <0.0001
135+ 12 0.008
82+9 0.08
55+04 0.0004
63.9 £22.3 0.001
0.32£0.14 0.8
60+14 0.002
360.9 + 244.3 0.004
32+3 0.0008
51+03 0.001
12+11 0.001
36.5+ 120 <0.0001
50.4 + 13.7 0.001
35.7+£10.0 0.0001
50.8 £ 11.0 0.01
0.6 +4.7 0.06
14+7.2 0.2
0.05 +0.03 0.6
1.2+0.6 0.0001
1.9+0.6 <0.0001
23+09 0.005
3.3+09 <0.0001
1.2+0.6 0.001
21+07 0.09

Note: Data presented as mean + SD.

Abbreviations: BAT, brown adipose tissue; EGP, endogenous glucose production; FFA, free fatty acids; FFM, fat-free mass; HbA,, glycated hemoglobin;
HR, high risk; hs-CRP, high-sensitivity C-reactive protein; LR, low risk; M value, whole-body insulin sensitivity; OGTT, oral glucose tolerance test; Rd, rate
of disappearance of glucose; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

#Mean and SD for the LR (n = 20) and HR (n = 16) participants who gave a urine sample.

PMean and SD for the LR (n = 20) and HR (n = 16) participants who completed the FDG scan successfully.

“Mean and SD for the LR (n = 19) and HR (n = 16) participants who completed the FDG scan successfully.

Biochemical analysis

A detailed description of the methods of the biochemical analysis of
plasma glucose and insulin and serum free fatty acids (FFA) and
high-sensitivity C-reactive protein is provided in the online Support-

ing Information. Metabolic biomarkers were quantified from serum

from 19 LR and 16 HR subjects at fasting using high-throughput
proton nuclear magnetic resonance (NMR)  [25] metabolomics
(Nightingale Health Oyj, Helsinki, Finland). Eight different serum
endocannabinoids and related structures were measured: arachido-
nic acid, AEA, 1- and 2-arachidonoyl glycerol (AG 1 + 2), a-linolenic
acid (a-LEA), y-linolenic acid (y-LEA), docosatetraenoyl ethanolamide
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TABLE 2 Serum metabolic biomarkers in the LR and HR groups

LR (n = 19) HR (nh = 16) p value
Cholesterol (mmol/L)
Total cholesterol 3.6+04 4.5+0.9 0.0008
Remnant cholesterol 1.0+0.2 1.4+04 0.001
VLDL cholesterol 04+0.1 0.6 £0.2 0.0009
LDL cholesterol 1.3+£0.2 1.9+0.5 <0.0001
HDL cholesterol 1.3+0.2 1.2+0.2 0.1
Total esterified cholesterol 26+£03 33£06 0.0002
Glycerides and phospholipids (mmol/L)
Total triglycerides 0.8+0.2 1.3+0.7 0.005
VLDL triglycerides 0.5+0.2 1.0+0.6 0.005
LDL triglycerides 0.09 £ 0.01 0.1 +0.03 0.001
HDL triglycerides 0.07 +0.02 0.09 + 0.03 0.06
Phosphoglycerides 20+0.2 22+04 0.03
Ratio of triglycerides to phosphoglycerides 0.4 +0.1 0.6 +0.2 0.005
Total cholines 23+02 2504 0.03
Phosphatidylcholines 1.9+0.2 21+04 0.03
Sphingomyelins 0.4 +0.04 0.4 £0.05 0.002
Apolipoproteins (3/L)
ApoB 0.6+0.1 0.8+0.2 0.0002
ApoAl 1.3+0.2 1.3+0.1 0.7
ApoB/ApoAl 05+0.1 0.6 £0.2 0.0003
Fatty acids (mmol/L)
Total fatty acids 94+10 11.6 +2.7 0.003
Omega-3 fatty acids 04 +0.1 0.5+0.2 0.1
Omega-6 fatty acids 40+0.3 45+0.6 0.004
PUFA 44 +04 50+0.8 0.006
MUFA 22+0.3 3.0+0.9 0.002
Saturated fatty acids 28+04 37+11 0.004
Linoleic acid 3.5+03 40+0.6 0.003
Docosahexaenoic acid 0.2+0.1 0.3 +£0.05 0.3
Fatty acids (% of total fatty acids)
Omega-3 fatty acids 44 +14 42+0.8 0.7
Omega-6 fatty acids 423 +1.7 39.3+37 0.004
PUFA 46.7 +2.2 43.6 + 3.4 0.003
MUFA 234+20 252+18 0.01
Saturated fatty acids 299+15 31.3+23 0.04
Linoleic acid 375+18 353+£35 0.03
Docosahexaenoic acid 25+£0.6 22+03 0.1
Ketone bodies (mmol/L)
3-Hydroxybutyrate 0.05 + 0.05 0.04 £0.03 0.2
Acetate 0.07 +£0.03 0.05 + 0.02 0.02
Acetoacetate 0.05 + 0.03 0.04 £ 0.02 0.2
Acetone 0.02 £0.01 0.02 £ 0.01 0.1
Glycolysis related metabolites (mmol/L)
Glucose 49 +0.1 54+04 <0.0001
Lactate 1.8+0.3 21+04 0.02

(Continues)
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TABLE 2 (Continued)

Pyruvate
Citrate
Amino acids (mmol/L)
Alanine
Glutamine
Glycine
Histidine
Branched-chain amino acids
Isoleucine
Leucine
Valine
Aromatic amino acids
Phenylalanine
Tyrosine
Fluid balance
Creatinine (umol/L)
Albumin (g/L)
Inflammation (mmol/L)

GlycA

Obesity [o)

WILEY.L ¥

LR (n = 19) HR (nh = 16) p value
0.1+£0.02 0.08 £ 0.03 0.05
0.1+0.01 0.06 £0.01 0.5
03+0.1 03+01 0.1
0.8+0.1 08+0.1 0.5
03+0.1 0.2 +0.03 0.2
0.1+0.01 0.08 £0.01 0.5
0.1 £0.02 0.1 +0.01 0.5
0.1 £0.02 0.1+001 0.07
0.2 £0.04 0.3+£0.03 04

0.06 + 0.01 0.06 £0.01 0.2

0.06 + 0.01 0.07 £0.01 04

76.8 +10.1 82.9 +10.5 0.09

415+24 419 +23 0.7
0.7+0.1 08+0.1 <0.0001

Note: Data presented as mean + SD. Serum samples of 35 participants (19 LR and 16 HR participants) were analyzed.
Abbreviations: ApoA1, apolipoprotein A1; ApoB, apolipoprotein B; GlycA, glycoprotein acetyls; HDL, high-density lipoprotein; HR, high risk; LDL, low-

density lipoprotein; LR, low risk; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; VLDL, very low-density lipoprotein.

(DEA), N-arachidonoyl-L-serine, and oleyl ethanolamide. Because of
rapid isomerization of 1-AG and 2-AG at room temperature, a total
concentration of AG (1 + 2) was reported. Fasting-state blood sam-
ples collected during the [*®F]FMPEP-d, study day were used and
analyzed as previously described [10, 26].

Measurement of tissue masses

The abdominal SAT and VAT masses were analyzed from MRI
images using sliceOmatic (Tomovision). A detailed description of
the tissue mass analyses is provided in the online Supporting
Information.

Statistical methods

Data are presented as mean + SD. Between-group comparisons were
performed with independent samples t test or Wilcoxon rank sum test
as appropriate. Categorical variables were compared with x? test. Sta-
tistical analyses were performed with SPSS Statistics software, ver-
sion 28.0 (IBM Corp.). Associations between study variables were
tested using Pearson or Spearman correlation tests. P values < 0.05

were considered statistically significant.

RESULTS
Participant characteristics

The HR participants had higher weight, BMI, total body fat mass, and
abdominal SAT and VAT masses than the LR participants. The HR group
also had worse glycemic profiles and lower insulin-stimulated tissue-spe-
cific GU rates and M values compared with the LR group, indicating lower
insulin sensitivity; however, insulin-suppressed EGP did not differ between
the groups. High-sensitivity C-reactive protein level was higher in the HR
than in the LR group. The HR participants were older than the LR group
(Table 1). Serum metabolite levels were higher in the HR group for total,
remnant, very low-density lipoprotein (VLDL), and LDL cholesterol, triglyc-
erides, apolipoprotein B (ApoB), ApoB/ApoA1 ratio, and fatty acids than in
the LR group. Also, glycoprotein acetyls (GlycA), a biomarker of systemic
inflammation, was higher in the HR than in the LR group (Table 2).

Lower CB1R availability in abdominal adipose tissue in
the HR than in the LR group

The HR group exhibited lower FUR and Vi of the [*®FIFMPEP-d, in
abdominal SAT, IWAT, and RWAT, indicating lower CB1R availability as
compared with the LR group. The muscle FUR and V+ were numerically
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lower in the HR than in the LR group but this did not reach statistical Association between CB1R availability and insulin
significance. No difference was found in CB1R availability of BAT and sensitivity

the whole brain between the groups (Figure 1). As the V7 and FUR of

[*8FIFMPEP-d, are both assumed to represent CB1R availability in tis- When comparing the tissue CB1R availability with tissue-specific GU
sue, the V¢ and FUR values in each tissue correlated positively with each rates, we found a positive association between the two in abdominal
other (r = 0.80, p < 0.0001 for abdominal SAT; r = 0.72, p < 0.0001 for adipose tissue (Table 3 and Figure 2A-C). CB1R availability of IWAT
IWAT; r =0.78, p < 0.0001 for RWAT; r = 0.87, p < 0.0001 for BAT; and RWAT correlated positively also with BAT, skeletal muscle, and

r = 0.58, p = 0.0002 for muscle). Intertissue associations of CB1R avail- femoral SAT GU, and CB1R availability of SAT with femoral SAT

ability are presented in Supporting Information Table S1. GU. CB1R availability of BAT correlated positively only with VAT GU.

(R) 0047 g (B) 20- p=02
=== [[R p= 0.3

['*F]JFMPEP-d, Volume distribution

[mF]FMPEP-dz FUR (ml/(min*ml))

SAT IWAT RWAT BAT Muscle SAT IWAT RWAT BAT Muscle Brain

(©)

(E)

FIGURE 1 Lower CB1R availability in abdominal SAT, IWAT, and RWAT in the HR as compared with the LR group. (A) FUR of [*®F]FMPEP-
dy in abdominal SAT, IWAT, RWAT, BAT, and muscle in the LR and HR groups. (B) [*®FIFMPEP-d, volume distribution (V) of SAT, IWAT, RWAT,
BAT, muscle, and the whole brain in the LR and HR groups. PET abdomen images depicting FUR of [*8F]FMPEP-d, of (C) one HR and (D) one LR
participant. (E) Mean V7 for the [18F]FMPEP—d2 scans. BAT, brown adipose tissue; FUR, fractional uptake rate; HR, high risk; IWAT, intraperitoneal
white adipose tissue; LR, low risk; RWAT, retroperitoneal white adipose tissue; SAT, subcutaneous adipose tissue
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CB1R availability of muscle and the whole brain correlated positively
only with BAT GU (Table 3).

Considering whole-body insulin sensitivity, we found a positive cor-
relation between CB1R availability of RWAT and M value and the rate
of disappearance of glucose (Rd), and CB1R availability of IWAT and Rd.
CB1R availability of the whole brain correlated positively with M value
and negatively with insulin-suppressed EGP adjusted with fat-free mass
(EGPggp; Table 3 and Suppporting Information Figure S1). CB1R avail-
ability of abdominal adipose tissue depots correlated negatively with

serum insulin-suppressed FFA level (Table 3).

Obesity [o EMRYY 15 AVa KL

Association between CB1R availability and body
composition

CB1R availability of abdominal adipose tissue depots correlated
negatively with weight, BMI, total body fat, and abdominal SAT and
VAT masses. CB1R availability of muscle correlated negatively with
weight, BMI, VAT mass, and FFM. CB1R availability of the whole
brain correlated negatively with weight, BMI, total body fat mass,
and VAT mass. CB1R availability of BAT did not correlate with any

of these measures (Table 3).

TABLE 3 Associations between [18F]FMPEP-d2 FUR values of abdominal SAT, IWAT, RWAT, BAT, and muscle and V+ of the whole brain and
anthropometric and metabolic characteristics and insulin-stimulated tissue-specific glucose uptake rates

[*8F]FMPEP-d, FUR (mL/[min x mL])

SAT IWAT
Age ly) -0.31 -0.42**
Weight (kg) —0.49** —0.59**
BMI (kg/m?) —-0.49** -0.57"*
Body fat mass (kg) —0.56*** —0.63****
Body fat mass (%) —0.53*** —0.63****
Fat-free mass (kg) -0.15 -0.16
Abdominal SAT mass (kg) —0.55*** —0.60***
VAT mass (kg) —0.50** —0.66****
Systolic blood pressure (mm Hg) -0.19 —0.34*
Diastolic blood pressure (mm Hg) —0.07 -0.23
HbA1. (mmol/mol) -0.23 -0.37*
hs-CRP (mg/L) -0.32 -0.31
Fasting serum FFA (mmol/L) 0.078 -0.04
Clamp serum FFA (mmol/L) -0.39* -0.39*
M value (umol/kg/min) 0.28 -0.27
M value (umol/kggrpm/min) 0.16 0.14
Rd (umol/kg/min) 0.26 0.36*
Rd (umol/kgggm/min) 0.15 0.20
EGP (umol/kg/min)? —0.05 0.08
EGP (umol/kgrgm/min)? -0.12 -0.01
Glucose uptake (umol/100 g/min)
Abdominal SAT 0.56*** 0.64****
VAT 0.57** 0.67**
BAT® 0.33 0.43*
Muscle® 0.25 0.34*
Femoral SAT® 0.41* 0.45**
Liver 0.15 —0.002

RWAT BAT Muscle V7 Brain
—0.42** -0.16 -0.33* -0.24
0.57** -0.25 —0.40* —0.39*
—0.59*** -0.29 —0.40* —0.44**
—0.65*** -0.13 -0.31 —0.36*
—0.68**** -0.07 -0.25 —0.36*
—0.09 -0.32 —0.35* —0.08
—0.59** -0.09 -0.29 -0.28
—0.60"*** -0.10 —0.33* —0.37*
—0.35* 0.11 -0.10 —-0.50**
-0.22 0.15 -0.17 —0.42**
-0.20 —0.004 0.09 -0.10
-0.26 —-0.07 -0.17 -0.28
-0.10 0.14 -0.02 -0.25
—0.38* —0.007 -0.13 -0.31
0.39* 0.17 0.19 0.38*
0.24 0.17 0.16 0.35*
0.42* 0.14 0.20 0.23
0.28 0.14 0.18 0.24
0.02 0.10 0.06 -0.33
—0.08 0.08 0.05 —0.43*
0.60**** 0.31 0.24 0.30
0.62**** 0.37* 0.32 0.32
0.50** 0.03 0.34* 0.34*
041* 0.18 021 0.20
0.51** 0.03 0.11 0.34
0.02 0.09 -0.02 -0.23

Note: Data are Pearson r values. Significant associations are indicated by bold font.

Abbreviations: BAT, brown adipose tissue; EGP, endogenous glucose production; FFA, free fatty acids; FFM, fat-free mass; FUR, fractional uptake rate;
HbA., glycated hemoglobin; HR, high risk; hs-CRP, high-sensitivity C-reactive protein; IWAT, intraperitoneal white adipose tissue; LR, low risk; M value,
whole-body insulin sensitivity; Rd, rate of disappearance of glucose; RWAT, retroperitoneal white adipose tissue; SAT, subcutaneous adipose tissue; VAT,

visceral adipose tissue; V1, volume distribution.

@Associations with the LR (n = 20) and HR (n = 16) participants who gave a urine sample.
bAssociations with the LR (n = 20) and HR (n = 16) participants who completed the FDG scan successfully.
“Associations with the LR (n = 19) and HR (n = 16) participants who completed the FDG scan successfully.

*p < 0.05.

**p < 0.01.
***p < 0.001.
4 < 0.0001.
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FIGURE 2 Associations between abdominal adipose tissue CB1R availability and tissue GU rates and tissue masses. Pearson
correlation between [*®F]FMPEP-d, FUR values of (A) abdominal SAT and SAT GU, (B) intraperitoneal WAT and VAT GU,

(C) retroperitoneal WAT and VAT GU, (D) abdominal SAT and abdominal SAT mass, (E) intraperitoneal WAT and VAT mass, and

(F) retroperitoneal WAT and VAT mass in the LR (blue circle) and HR (red square) groups. FUR, fractional uptake rate; GU, glucose uptake;
HR, high risk; IWAT, intraperitoneal white adipose tissue; LR, low risk; RWAT, retroperitoneal white adipose tissue; SAT, subcutaneous

adipose tissue; VAT, visceral adipose tissue

Association between CB1R availability and serum
metabolomics

Lower CB1R availability in abdominal adipose tissue, muscle, and
the whole brain was associated with unfavorable lipid profile
(Figure 3). CB1R availability of abdominal adipose tissue depots
and the whole brain correlated negatively with total, non-HDL,
remnant, VLDL, and LDL cholesterol, triglycerides, free cholesterol,
ratio of triglycerides to phosphoglycerides, ApoB, and ApoB/
ApoA1 ratio. CB1R availability of IWAT, RWAT, and brain also cor-
related negatively with fatty acids, including omega-6 fatty acids
and linoleic acid. CB1R availability of abdominal SAT correlated
positively with HDL cholesterol. CB1R availability of muscle corre-
lated negatively with total, non-HDL, remnant, VLDL, and LDL cho-
lesterol, ApoB, ApoB/ApoAl ratio, and fatty acids. CB1R
availability of abdominal adipose tissue depots and brain correlated
negatively with GlycA. CB1R availability of BAT did not correlate

with serum metabolomics.

Association between CB1R availability and serum
endocannabinoid levels

Serum endocannabinoid levels did not differ between the groups as
reported previously [10] (Supporting Information Table S3). CB1R
availability in the whole brain correlated negatively with AG (1 + 2),
whereas no significant association was found between the periph-
eral tissue CBI1R availability and serum endocannabinoid levels
(Table 4).

Associations between serum endocannabinoid levels
and insulin sensitivity, body composition, and serum
metabolomics

Serum arachidonic acid and AEA levels correlated negatively with M
valuergnm, and AEA level also correlated negatively with M value, Rd,

and Rdgrpm. Serum AG (1 + 2) and docosatetraenoyl ethanolamide
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HDL cholesterol
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FIGURE 3 Correlation heat map between CB1R availability of abdominal SAT, IWAT, RWAT, BAT, muscle, and the whole brain with serum
metabolomics across the whole study sample size. BAT, brown adipose tissue; IWAT, interperitoneal white adipose tissue; RWAT, retroperitoneal

white adipose tissue; SAT, subcutaneous adipose tissue

levels correlated positively with EGP and EGPgrpm. No significant asso-
ciation was found between serum endocannabinoids and insulin-sup-
pressed FFA levels. Regarding serum endocannabinoid levels and
tissue-specific GU rates, y-LEA was the only endocannabinoid to
exhibit a significant correlation; serum y-LEA correlated positively
with abdominal SAT GU (Table 4).

Serum AG (1 + 2) level correlated positively with BMI. No associ-
ation was found between serum endocannabinoid levels and weight

or fat masses (Table 4).

Serum AG (1 + 2) level was associated with higher lipid levels
including total, non-HDL, remnant, VLDL, and LDL cholesterol, as well
as triglycerides, ApoB, ApoB/ApoA1 ratio, and fatty acids. AG (1 + 2)
correlated positively also with GlycA. y-LEA had a positive association
with HDL cholesterol and ApoA1 (Figure 4).

Omega-6 polyunsaturated fatty acid linoleic acid correlated posi-
tively with abdominal SAT (r=0.40, p =0.004), VAT (r = 0.60,
p = 0.0001), and total body fat (r = 0.53, p = 0.001) masses, weight
(r=0.57, p = 0.0003), and BMI (r = 0.53, p = 0.001). Omega-3 fatty
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TABLE 4 Associations between circulating endocannabinoid concentrations and selected variables of body composition, insulin sensitivity,
[*8F]FMPEP-d, FUR values of abdominal SAT, IWAT, and RWAT, BAT, and muscle, and [*8F]FMPEP-d, V5 of the whole brain

AA AEA
Weight (kg) 0.04 0.23
BMI (kg/m?) 0.16 0.22
Body fat mass (kg) 0.06 0.24
Abdominal SAT mass (kg) 0.05 0.21
VAT mass (kg) 0.13 0.26
M value (umol/kg/min) -0.31 —0.43**
M value (umol/kgggm/min) -0.34* —0.44**
Rd (umol/kg/min) -0.25 —-0.37*
Rd (umol/kggem/min) -0.24 —0.43**
EGP (umol/kg/min)? 0.28 0.24
EGP (umol/kgggpm/min)? 0.33 0.28
Clamp serum FFA (mmol/L) 0.03 0.02
Glucose uptake (umol/100 g/min)
Abdominal SAT 0.04 -0.10
VAT 0.02 -0.12
BAT® -0.14 -0.33
Muscle® -0.19 -0.24
Femoral SAT® 0.00 0.01
Liver 0.23 0.01
[*8FJFMPEP-d, FUR (mL/[min x mL])
SAT 0.24 -0.11
IWAT 0.19 -0.12
RWAT 0.19 -0.19
BAT® —0.004 -0.07
Muscle —0.01 —0.26
[*®FIFMPEP-d, V+ of the whole brain -0.28 -0.20

AG(1+2) o-LEA Y-LEA DEA NALS OEA
0.26 0.16 0.14 0.09 -0.09 —0.06
0.36* 0.07 0.03 0.10 —0.08 —0.09
0.23 0.02 -0.01 0.23 —0.08 0.02
0.16 0.02 —0.04 0.24 -0.14 0.04
0.26 —-0.02 —0.05 0.24 —0.06 0.09

-0.24 -0.16 -0.13 —0.33 -0.14 -0.26

-0.23 -0.22 —-0.20 -0.29 -0.18 -0.29

-0.12 —0.02 —0.03 —0.22 —-0.10 -0.19

—0.03 -0.11 -0.12 -0.19 —0.06 -0.19
0.40* 0.29 0.25 0.35* 0.29 0.26
0.39* 0.22 0.22 0.41* 0.30 0.30
0.02 —0.20 -0.15 0.04 —0.18 —-0.10

-0.01 0.29 0.37* -0.17 0.28 0.10

—0.08 0.23 0.28 —0.26 0.14 —0.04
0.10 0.08 0.08 -0.31 —-0.03 —-0.10

—0.06 —-0.03 -0.01 -0.17 0.07 0.03

—0.05 0.26 0.30 —0.05 0.22 0.22
0.23 -0.25 -0.13 —-0.05 0.11 0.03

-0.15 0.25 0.32 -0.19 0.23 0.16

—0.22 0.26 0.22 -0.21 0.18 0.12

—-0.20 0.25 0.25 —-0.20 0.22 0.14

—0.02 0.08 0.15 —0.06 -0.10 0.07

-0.29 0.03 0.03 -0.11 0.09 —-0.05

—0.34* 0.03 —0.05 —0.03 -0.11 —0.03

Note: Data are Pearson r values. Significant associations are indicated by bold font.

Abbreviations: AA, arachidonic acid; AEA, anandamide; AG (1 + 2), arachidonoyl glycerol (1 + 2); a-LEA, a-linolenic acid; BAT, brown adipose tissue;
DEA, docosatetraenoyl ethanolamide; EGP, endogenous glucose production; FFA, free fatty acids; FFM, fat-free mass; FUR, fractional uptake rate;

IWAT, intraperitoneal white adipose tissue; y-LEA, y-linolenic acid; M value, whole-body insulin sensitivity; NALS, N-arachidonoyl-Lserine; OEA, oleyl
ethanolamide; Rd, rate of disappearance of glucose; RWAT, retroperitoneal white adipose tissue; SAT, subcutaneous adipose tissue; VAT, visceral adipose

tissue; V1, volume distribution.

@Associations with the LR (n = 20) and HR (n = 16) participants who gave a urine sample.

“Associations with the LR (n = 19) and HR (n = 16) participants who completed the FDG scan successfully.

) )

PAssociations with the LR (n = 20) and HR (n = 16) participants who completed the FDG scan successfully.
)
)

dAssociations with the LR (n = 20) and HR (n = 16) participants whose [*®FIFMPEP-d, image analysis was able to be conducted.

*p < 0.05.
*p < 0.01.

acids in turn correlated positively with AG (1 + 2; Figure 4) and nega-
tively with CB1R availability of muscle (Figure 3).

DISCUSSION

Our main finding was that CB1R availability of abdominal adipose tis-
sue was lower in young healthy patients with overweight and risk for
obesity in comparison with lean patients. This suggests an impairment
of peripheral ECS related to increased risk for developing obesity. Lower

CB1R availability in abdominal adipose tissue was associated with

decreased adipose tissue and whole-body insulin sensitivity, unfavorable
lipid profile, and higher body adiposity and inflammatory markers.
Whole-brain CB1R availability did not differ between the groups, but
lower cerebral CB1R availability was associated with decreased whole-
body insulin sensitivity and higher body adiposity. Higher serum endo-
cannabinoid levels were associated with decreased whole-body insulin
sensitivity, unfavorable lipid profile, and higher serum inflammatory
markers.

Only a few studies have quantified peripheral tissue CB1R avail-
ability in humans using [*F]FMPEP-d, PET. A 2018 study [11] showed
lower [18F]FMPEP-d2 binding in abdominal SAT, WAT, and brain in
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FIGURE 4 Correlation heat map between serum endocannabinoid levels and serum metabolomics across the whole study sample size. AA,
arachidonic acid; AEA, anandamide; AG (1 + 2), arachidonoyl glycerol (1 + 2); a-LEA, a-linolenic acid; y-LEA, y-linolenic acid; DEA, docosatetraenoyl

ethanolamide; NALS, N-arachidonoyl-Lserine; OEA, oleyl ethanolamide

healthy males with obesity (BMI: 32.9 + 4.6) as compared with lean
(BMI: 24.9 + 1.7) males. Our study yielded converging results: lower
CB1R availability in abdominal adipose tissue depots in the HR group
than in the LR group. Compared with the previous report [11], the par-
ticipants in the current study had overweight not obesity. This could
contribute to the finding that CB1R availability of the whole brain did
not differ between the groups, although lower CB1R availability
was associated with decreased whole-body insulin sensitivity and

unfavorable body composition and serum metabolomics. Cerebral ECS
regulates food intake and energy balance by interacting with reward
pathways and orexigenic and anorexigenic hormones. It seems that,
during a sustained positive energy balance, the cerebral ECS may
become dysregulated, accompanied by defective leptin and insulin sig-
naling, resulting in peripheral WAT accumulation and increased EGP
[4], whereas pharmacologic or genetic inhibition of CB1Rs results in

reduced food intake and it has antiobesity effects [4, 5, 9].
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In white adipocytes, CB1R activation has several effects promot-
ing the development of obesity and insulin resistance. CB1R activa-
tion increases adipocyte differentiation and adipogenesis, enhances
fatty acid synthesis and triglyceride accumulation, reduces lipolysis,
and decreases mitochondrial biogenesis favoring white and inhibiting
the brown and beige phenotype, thus participating in the regulation of
thermogenesis and energy expenditure. CB1R inhibition has reverse
actions [4, 7, 9]. So far, the role of adipose tissue ECS in human obe-
sity has been investigated mainly by measuring circulating and tissue
endocannabinoid levels and by studying the gene expression of
CB1Rs and endocannabinoid degrading enzymes [27-31]. Higher
levels of circulating endocannabinoids have been observed in patients
with obesity as compared with lean patients and they have been
shown to decrease after weight loss [27, 28, 32, 33]. Circulating 2-AG
levels were found to correlate positively with fasting insulin and tri-
glycerides and negatively with HDL cholesterol levels [29]. Higher
2-AG levels have also been measured in VAT [33, 34], but they have
been shown to be reduced in abdominal SAT [31, 35] in obesity; thus
it has been proposed that alterations in endocannabinoid levels might
occur in a WAT-depot-specific manner [4]. Discrepancy exists con-
cerning CB1R expression in obesity. In high-fat fed [36] and obese
Zucker rats [37], adipocyte hypertrophy has been shown to associate
with increased CB1R expression in adipose tissue, whereas in humans
with obesity, increased endocannabinoid levels in VAT were observed
simultaneously with a trend toward a decrease of CB1R levels in VAT
[34]. Also, lower CB1R gene expression has been found in abdominal
SAT and VAT in patients with obesity compared with lean patients
[27, 28, 31], and weight loss was followed by an increase of CB1R
gene expression in abdominal SAT [31]. The expression of endocanna-
binoid degrading enzymes has been found to be differently affected
by obesity, adipose tissue depot, and weight loss [27, 28, 30, 31, 38].

Unlike studying gene expression rate from tissue biopsies,
[*8F]FMPEP-d, PET does not reveal the total CB1R density in the tis-
sue. Instead, [*®F]JFMPEP-d, binds to CB1Rs that are not occupied
with their ligands endocannabinoids. Therefore, the reduced binding
of [*®F]FMPEP-d, in tissues or reduced CB1R availability in tissues of
the HR participants we found can either reflect increased endocanna-
binoid levels and their binding to CB1Rs, decreased CB1R expression
in the tissue, or reduced CB1R affinity. Tissue endocannabinoid levels
were not assessed in our study. Circulating endocannabinoid levels
did not differ between the study groups, although we observed corre-
lations between endocannabinoid levels and BMI, insulin sensitivity,
and serum lipid and GlycA levels consistent with previous findings
[27, 29]. It is acknowledged that a positive energy balance results in
ECS dysregulation and an increase in the peripheral endocannabinoid
tone [4, 8, 34], but the mechanisms of action of the ECS are still not
fully understood. The regulation of CB1R expression seems to be
complex.

Insulin has a central role in endocannabinoid metabolism in WAT
[34]. In cultured adipocytes, insulin reduces intracellular endocannabi-
noid levels, but it does not affect the expression of CB1Rs. In insulin-
resistant adipocytes, the insulin action on the endocannabinoid tone

is absent or reversed. Similar observations were made with insulin-

resistant obese mice [33]. It is thus possible that the negative correla-
tions between endocannabinoid levels and whole-body insulin sensi-
tivity and the positive correlations between WAT CB1R availability
and GU rates we found would represent the relationship between
insulin action, or insulin resistance, and ECS dysregulation in WAT. In
addition to insulin, the endocannabinoid tone in WAT is under control
of central leptin signaling [39]. As obesity is characterized by leptin
resistance, a study with obese mice showed that a peripherally
restricted CB1R inverse agonist reduced food intake, body weight,
and adiposity by suppressing the secretion and increasing the clear-
ance of leptin [40].

In skeletal muscle, CB1Rs are thought to participate in the glu-
cose homeostasis by decreasing GU after CB1R activation. There are
differing results whether the ECS tone in muscle becomes dysregu-
lated under conditions of obesity [4, 8, 9]. In the present study, CB1R
availability of skeletal muscle did not differ between the groups, nor
did it correlate with insulin sensitivity, possibly because of the young
and healthy state of the participants. Our study did not show differ-
ences in CB1R availability of BAT. In a previous study [11], the differ-
ence was observed under cold exposure: the increase in CB1R
availability of BAT in cold was blunted in participants with obesity as
compared with lean participants.

Interestingly, linoleic acid, a precursor for endocannabinoids, corre-
lated positively with AG (1 + 2) level and negatively with CB1R avail-
ability of IWAT. Excessive intake of linoleic acid has been implicated in
the development of obesity, in which one possible pathway is the for-
mation of endocannabinoids [41]. In mice, a diet enriched with linoleic
acid increased liver endocannabinoid and plasma leptin levels, food
intake, body weight, and adiposity, whereas adding dietary omega-3
fatty acids along with linoleic acid reversed the actions [42]. Accordingly,
we observed positive correlations with linoleic acid and body adiposity,
weight, and BMI. However, also -3 fatty acid level correlated positively
with AG (1 + 2) and negatively with CB1R availability of muscle, and we
do not have a suggested explanation for this. To control the overactive
ECS, promising results have been found in studies with diets enriched in
omega-3 fatty acids: reduced peripheral endocannabinoid levels,
reduced waist to hip and visceral fat/skeletal muscle mass ratios, and
improved lipid profile in participants with obesity [43].

This study had some limitations. We found lower [*®FIFMPEP-d,
binding in abdominal adipose tissue in HR as compared with LR partic-
ipants. However, the PET measurement is not able to distinguish a
change in total CB1R density or affinity or whether CB1R availability
is a consequence of a change in tissue or circulating endocannabinoid
levels. We only studied males. The ECS interacts with gonadal hor-
mones; central endocannabinoid signaling primarily reduces the
release of gonadal hormones, whereas gonadal hormones cause
changes in protein expression in ECS [44]. Estrogen negatively modu-
lates ECS-induced changes in appetite, body temperature, and hypo-
thalamic proopiomelanocortin (POMC) neurons [45]. It is thus not
certain whether our result can be generalized to females. Because
endocannabinoids are produced and released on demand, it is not
possible to distinguish the source of the measured compounds. How-

ever, the similar associations with previously published studies with
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circulating endocannabinoids and different variables we found
encourage us to believe that the measured endocannabinoids do rep-
resent a metabolic situation of the body. Finally, the cross-sectional
nature of the study precludes causal inference regarding the observed

associations.

CONCLUSION

Here we have demonstrated lower CB1R availability of abdominal
adipose tissue in young healthy patients with overweight and risk
for obesity as compared with lean patients with no obesity risk and
associations between CB1R availability of abdominal adipose tissue
and the whole brain and insulin sensitivity and serum metabolomics.
Our results suggest altered endocannabinoid tone in abdominal
adipose tissue of participants with overweight, possibly reflecting a

broader dysregulation of ECS with energy imbalance.O
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