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ABSTRACT

Obesity is a chronic disease with epidemic proportions, and it causes serious threats
for human health and wellbeing. Obesity results from long-term positive energy
balance, and is characterized by excessive fat accumulation. Insulin action in the
brain regulates feeding behaviour and whole-body energy balance in interplay with
peripheral metabolic organs. In addition, endocannabinoid system in brain and
periphery modulates appetite and energy homeostasis.

Obesity is associated with increased brain insulin-simulated glucose uptake
(BGU), which is turn is linked with impaired insulin suppression of hepatic glucose
production (EGP) and adipose tissue lipolysis. Subjects with obesity also exhibit
lower endocannabinoid type 1 receptor (CB1R) availability in brain and abdominal
adipose tissue. It remains unsolved, whether these alterations are present already
before the development of obesity.

The aim of this thesis was to examine whether brain and peripheral tissue insulin
sensitivity and CB1R availability are altered already in pre-obese state. We studied
healthy non-obese young men with either high or low obesity risk using positron
emission tomography. Tissue glucose uptake was quantified with a glucose analogue
radiotracer ["®F]FDG during hyperinsulinemic-euglycemic clamp, and CBIR
availability with CBIR inverse agonist radioligand ["*F]FMPEP-d, . Insulin-
stimulated BGU was increased in high as compared to low obesity risk subjects, and
it was associated with decreased whole-body glucose uptake and increased insulin-
suppressed EGP and serum free fatty acid levels. Familial obesity risk was
associated with increased BGU. Abdominal adipose tissue CB1R availability was
lower in high than low obesity-risk subjects, and associated with enlarged mass and
decreased insulin sensitivity of abdominal adipose tissue. Lower cerebral CBIR
availability was associated with decreased whole-body insulin sensitivity, enlarged
visceral adipose tissue mass and higher levels of circulating endocannabinoids.

Altogether, these results show that altered brain insulin action and crosstalk with
periphery, as well as dysregulated endocannabinoid signalling may precede obesity.

KEYWORDS: Insulin sensitivity, glucose uptake, endogenous glucose production,
cannabinoid type 1 receptor, obesity, brain, adipose tissue, positron emission
tomography
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TIVISTELMA

Lihavuus on pitkdaikainen sairaus, jonka esiintyvyys on saavuttanut epidemian
mittasuhteet. Lihavuus aiheuttaa vakavan uhan terveydelle. Lihavuus on seurausta
pitkdaikaisesta positiivisesta energiatasapainosta, ja sitd luonnehtii liiallinen kehon
rasvamadrd. Aivojen insuliinisignalointi sditelee syOmistd ja energiatasapainoa
vuorovaikutuksessa ddreiskudosten kanssa. My0s aivojen ja déreiskudosten endo-
kannabinoidijirjestelméd vaikuttaa ruokahaluun ja energiatasapainoon.

Lihavuuteen liittyy kohonnut aivojen glukoosinotto insuliinialtistuksen aikana,
miké on yhteydessi heikentyneeseen glukoosin tuotannon ja rasvakudoksen rasvojen
pilkkoutumisen estoon insuliinin vaikutuksesta. Lihavuuteen liittyy myds alentunut
tyypin 1 endokannabinoidireseptorien (CB1R) saatavuus aivoissa ja vatsarasvassa.
Ei kuitenkaan tiedetd, esiintyyko niitd muutoksia jo ennen lihavuuden kehittymista.

Viitoskirjan tavoitteena oli selvittds, onko aivojen ja ddreiskudosten insuliini-
herkkyydessé ja CB1R-saatavuudessa muutoksia ennen lihavuuden kehittymista.
Tutkimme positroniemissiotomografian avulla terveitd, ei-lihavia ihmisii, joilla
lihomisriski on joko suuri tai pieni. Kudosten glukoosinotto méaritettiin ['*F]FDG-
glukoosimerkkiaineen avulla hyperinsulineemisen-euglygeemisen clamp-tutkimuk-
sen aikana, ja CB1R-saatavuus ['*F]JFMPEP-d, -merkkiaineen avulla. Aivojen insu-
liinistimuloitu glukoosinotto oli suurempi suuren kuin pienen lihomisriskin
henkiloill4, ja se oli yhteydessd pienentyneeseen kehon glukoosinottoon seké suu-
rentuneeseen glukoosin tuotantoon ja seerumin vapaiden rasvahappojen méérdén.
Perhetaustaan liittyva lihomisriski oli yhteydessé aivojen suurentuneeseen glukoosi-
nottoon. Vatsarasvan CB1R-saatavuus oli alhaisempi suuren kuin pienen lihomis-
riskin henkil6illd, ja liittyi vatsarasvan suurempaan miédrddn ja alentuneeseen
insuliiniherkkyyteen. Aivojen alhaisempi CB1R-saatavuus liittyi alentuneeseen
kehon insuliiniherkkyyteen sekd suurempaan sisdelinrasvan ja verenkierron
endokannabinoidien méérdan.

Tulokset osoittavat, ettd muutokset aivojen insuliinisignaloinnissa ja vuoro-
vaikutuksessa ddreiskudosten kanssa sekd endokannabinoidijirjestelmédn sditely-
hiirid voivat edeltdd lihavuutta.

AVAINSANAT: Insuliiniherkkyys, glukoosin soluunotto, glukoosin tuotto, tyypin
1 kannabinoidireseptori, lihavuus, aivot, rasvakudos, positroniemissiotomografia
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1 Introduction

Worldwide, obesity is recognized as a chronic disease that increases the risk for other
non-communicable diseases, cancers and premature mortality [Bray et al., 2017;
EASO, 2015; Jastreboff et al., 2019]. Obesity results from a long-term positive
energy balance and is characterized by excess energy stored as fat in adipocytes
enlarged in size and number, and as ectopic fat in other organs. The global obesity
epidemic causes a serious burden to individuals and communities as worldwide over
650 billion adult have obesity [WHO, 2021]. Therefore, effective tools for
preventing and treating obesity are needed, and to reach this, it is essential to
understand the complex mechanisms in the pathogenesis of obesity.

Multiple neural and neuroendocrine circuits at central and peripheral levels
coordinate appetite, food intake and energy expenditure in interplay with
environment and genes [Wilson & Enriori, 2015]. Common obesity thus results from
defective interaction between the brain and peripheral metabolic organs, and central
resistance to nutritionally relevant signals arising from periphery. Disruption in the
fine-tuned regulation of energy balance predisposes to excess eating and weight gain
[Oussaada et al., 2019; Timper & Briining, 2017; Wilson & Enriori, 2015].

Insulin in the brain acts as a satiety signal suppressing appetite particularly for
palatable food [Kullmann, Kleinridders, et al., 2020]. In addition to regulation of
eating behaviour, brain insulin action has several effects on whole-body metabolism.
These include energy expenditure and thermogenesis [Sanchez-Alavez et al., 2010;
Spiegelman & Flier, 2001], white adipose tissue and liver lipid metabolism [Scherer
et al., 2021], control of blood glucose level by modulating hepatic endogenous
glucose production (EGP) [Lewis et al., 2021] and potentially peripheral tissue
glucose uptake [Heni et al., 2017], and cognitive performance [Dutta et al., 2022].
Impaired insulin action in the brain, “brain insulin resistance”, in turn is linked with
disturbances in central and peripheral metabolism, and has been recognized as
central characteristic of obesity [Kullmann, Kleinridders, et al., 2020].

Positron emission tomography (PET) with a labelled glucose analogue
radiotracer 2- deoxy-2-['*F]fluoro-D-glucose (["*FJFDG) allows detecting brain
insulin sensitivity in vivo. Previous studies have demonstrated increased insulin-
stimulated brain glucose uptake (BGU) in subjects with obesity [Rebelos et al., 2021;

12



Introduction

Tuulari et al., 2013] and impaired glucose tolerance [J. W. Eriksson et al., 2021;
Hirvonen et al., 2011; Latva-Rasku et al., 2018] as compared to lean and insulin
sensitive subjects. However, it is not known whether altered brain insulin signalling
is present already in subjects with overweight and risk factors for developing obesity.

Endocannabinoid system (ECS), consisting of two G-protein-coupled receptors,
cannabinoid type 1 and type 2 (CBIR and CB2R, respectively), their endogenous
ligands and ligand-metabolizing enzymes, has a central role in the control of energy
homeostasis [Silvestri & Di Marzo, 2013]. CB1Rs are widely expressed in brain
regions controlling feeding behaviour and energy balance [Di Marzo et al., 2009]
and in peripheral tissues, including white and brown adipose tissue, skeletal muscle,
endocrine pancreas and gastrointestinal tract [Matias, Petrosino, et al., 2008]. In the
brain, activation of CB1Rs stimulate appetite and food intake in interaction with
dopaminergic and opioidergic signalling pathways [Silvestri & Di Marzo, 2013]. In
addition, the central ECS modulates peripheral metabolism including thermogenesis
[Cota et al., 2003] hepatic EGP and white adipose tissue lipid metabolism [O’Hare
et al., 2011]. Peripheral ECS modulates metabolic functions locally, and has central
role especially in white adipose tissue and liver metabolism [Silvestri & Di Marzo,
2013]. Obesity and associated metabolic disorders are characterized by ECS
dysregulation with altered CB1R availability and endocannabinoid levels in tissues
and in circulation. CB1R antagonism in turn reduces food intake, body weight and
improve the signs of metabolic disorders [Quarta et al., 2011; Silvestri & Di Marzo,
2013]. Withdrawal of the first CB1R inverse agonist Rimonabant (SR141716) from
market due to neuropsychiatric side effects, has led to investigate new therapeutic
approaches in order to control the overactive ECS in obesity[Simon & Cota, 2017].

ECS function can be studied i vivo by quantifying tissue CB1R availability with
PET and an CBIR inverse agonist radioligand [3R,5R]-5-[3-methoxy-phenyl]-3-
[{R}-1-phenyl-ethylamino]-1-[4-trifluoro-methyl-phenyl]-pyrrolidin-2-one
(["*FIFMPEP-d>). The radioligand binds to CB1Rs that are not occupied with their
natural ligands. A previous study from our centre showed lower CB1R availability
in the brain and abdominal adipose tissue depots of healthy males with obesity as
compared to lean males [Lahesmaa et al., 2018].

The aim of the present thesis is to investigate brain and peripheral tissue insulin
sensitivity and endocannabinoid receptors, and their associations with the risk of
developing obesity using PET imaging.

13



2 Review of the Literature

2.1 Obesity — definition, prevalence and incidence

Obesity is a chronic disease defined as excessive fat accumulation in adipose tissue
due to energy imbalance, presenting a significant risk for health [Bray et al., 2017].
Obesity can be classified using body mass index (BMI) - body weight in kilograms
divided by the square of height in meters (kg/m?) — as BMI > 30 kg/m? defined as
obesity [WHO, 2021]. While BMI does not take into account body composition,
waist circumference is an additional measurement of abdominal obesity. Waist
circumference > 88 cm for women and > 102 c¢cm for men is considered to associate
with significant health consequences [Jensen et al., 2014].

The prevalence of obesity has increased worldwide, and today, there are more
people living with obesity than with underweight in all areas except Sub-Saharan
Africa and South Asia [World Obesity, 2023]. In 2016, 13% of adults aged 18 years
or older had obesity accounting for 650 million people [WHO, 2021] (Figure 1).

Key

<5%
W 510%
[ 10-20%
W 20-30%
| BESS

Source: Global Health Observatory Data Repository (last accessed 14.06.21)

Figure 1. Estimates of prevalence of obesity (BMI = 30 kg/m?) in adults in 2016. The figure is
reprinted with permission from World Obesity Federation, London as originally published
by The World Obesity Federation.
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Between 1980 and 2015, the prevalence of obesity has doubled in 73 countries, and
continuously increased in most other countries. The increase has been similar
between males and females in all age groups being highest during early adulthood
[Afshin et al., 2017]. In Finland in 2017, 17% of men and 19% of women aged 18-
29 years had obesity, while in the age group of > 30 years the prevalence of obesity
was 26% for men and 28% for woman. Also, 46% of adults have abdominal obesity.
[FinTerveys2017, 2018] The estimates suggest that global level of obesity will be on
the rise: in 2035, 23% of men and 27% of women may be affected by obesity [World
Obesity, 2023]. Country-specific data and trends in obesity and its economic impact
are available at https://www.worldobesity.org/.

Obesity related non-communicable diseases, including type 2 diabetes (T2D),
cardiovascular diseases (CVDs) and non-alcoholic fatty liver disease impairs both
quality of life and life expectancy [Bray et al., 2017; Pereira-Miranda et al., 2017].
Above BMI 25 kg/m?, each 5 kg/m? increasing in BMI associates with about 30%
higher overall mortality, and 40% higher vascular, 120% diabetic, 60% kidney
disease and 80% liver disease [Whitlock et al., 2009]. Also, abdominal adiposity,
when adjusted for BMI, presents an independent risk for premature death [Pischon
et al., 2008]. Overweight and obesity are estimated to be responsible for 5.0 million
deaths and 160 million disability-adjusted life-years globally in 2019 [Chong et al.,
2023].

2.2 Central and peripheral regulation of energy
homeostasis

Two complementary pathways, homeostatic and reward-driven pathways regulate
food intake, glucose metabolism and energy expenditure. The homeostatic signals
ensures that food intake meets the energy demand. The reward-driven, or hedonistic
regulation in turn, drives motivation to acquire and consume calories regardless of
energy requirement [ Lutter & Nestler, 2009; Myers et al., 2021]. The interplay of the
neural and peripheral processes and environmental and lifestyle factors is
schematically presented in Figure 2.

Homeostatic signals encompass vagal afferent signals and circulating hormones
and metabolites from the peripheral tissues and organs supplying information about
nutritional status to brain centres that coordinate the adaptive chances in food intake,
energy expenditure and storage [Lenard & Berthoud, 2008; Roh et al., 2016; Wilson
& Enriori, 2015]. The gustatory system, gastrointestinal tract, pancreas, adipose
tissue, liver and muscle are the main peripheral components participating in the
energy homeostasis. They are in bidirectional communication with the brain through
neural circuits, hormones and metabolites. The peripheral signals affecting energy
balance include for instance leptin, insulin, amylin, ghrelin, cholecystokinin, peptide
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YY, glucagon-like peptide-1 (GLP-1), somatostatin, glucose, fatty acids and amino
acids [Lenard & Berthoud, 2008; Myers et al., 2021; Roh et al., 2016; Wilson &
Enriori, 2015]. Leptin signalling represents long-term control mechanism, while
leptin is secreted by white adipocytes in proportion to the amount of stored fat.
Insulin, secreted by pancreatic B-cells in response to circulating nutrients, [Fu et al.,
2013] is likewise comparable to fat stores, and also tissue insulin sensitivity [ Brochu
et al., 2000]. In addition, endocannabinoids participate in the regulation on appetite
and food intake by modulating central neurons via activation of cannabinoid
receptors. This is, at least partly mediated by feeding-regulated hormones, especially
leptin and ghrelin (Silvestri, and Marzo, 2013).
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Figure 2 A schematic diagram showing major components of the peripheral and central systems
involved in energy balance regulation, and control of food intake, and the interaction
with environment and genes. Reprinted with permission from publisher, © Wiley, as
originally published by Lenard and Berthoud, 2008.

The hindbrain is the first brain structure to receive information from the
gustatory cells and gastrointestinal tract through the gustatory and vagal afferents.
The hypothalamus and the specific regions within it such as arcuate (ARC) and
paraventricular (PVH) nuclei in turn, has a central role in integrating information
originated from peripheral organs via circulating hormones, metabolites and neural
circuits. This nutritional information is then processed in the context of other internal
and external information. The optimal adaptive responses are finally implemented
through behavioural, autonomic and endocrine output pathways [Lenard &
Berthoud, 2008].
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The hypothalamic ARC contains anorexigenic (appetite-suppressing) pro-
opiomelanocortin (POMC)-expressing POMC and cocaine- and amphetamine-
regulated transcript (CART) neurons that promote the release of a-melanocyte-
stimulating hormone (a-MSH), and the orexigenic (appetite-stimulating)
neuropeptide Y (NPY) and agouti-related peptide (AgRP)-expressing NPY/AgRP
neurons. These neurons project to second-order neurons in the hypothalamus and in
the hindbrain resulting in a response on energy intake an expenditure [Myers et al.,
2021; Timper & Briining, 2017; Wilson & Enriori, 2015]. PVH neurons control
sympathetic outflow to peripheral organs leading to increased fatty acid oxidation
and lipolysis and secrete hormones having catabolic actions, including thyrotropin-
releasing hormone and corticotrophin-releasing hormone, and destruction of PVH
leads to hyperphagia and obesity [Roh et al., 2016]. POMC/CART and NPY/AgRP
neurons express receptors for peripheral hormones, including leptin and insulin
[Kleinridders et al., 2014; Timper & Briining, 2017; Wilson & Enriori, 2015]. Other
hypothalamic nuclei that are essential in energy balance regulation include
dorsomedial hypothalamic (DMH), ventromedial hypothalamic (VMH) and lateral
hypothalamic (LH). Destruction of the DMH and VMH results in hyperphagia,
hyperglycemia and obesity [Roh et al., 2016]. Neurons within the LH links the
hypothalamus with brain areas associated with reward and motivation, and with
areas in brainstem associated with visceral sensory input. Destruction of LH in turn,
results in hypophagia and weight loss. Hypothalamic neurons are connected to
nucleus solitary tract (NTS) in the hindbrain. In addition to receiving satiety signals
from periphery, NTS neurons produce appetite-regulating peptides GLP-1, NPY and
POMC [Lenard & Berthoud, 2008; Roh et al., 2016; Timper & Briining, 2017].

At fasting, low circulating and stored fuel levels are signalled to the brain by
elevated ghrelin and low levels of other gut hormones, and a decrease in leptin. As
aresult, NPY/AgRP neurons are activated leading to feeding behaviour, a reduction
in energy expenditure, energy storage, increased hepatic EGP, and release of AgRP
that prevents the anorexigenic effects of POMC/CART neurons. In postprandial
state, ghrelin levels decrease, leptin and insulin increase and gastrointestinal
hormones secreted in response to ingested nutrients, project to ARC. This leads to
inhibition of NPY/AgRP neurons and stimulation of POMC/CART neurons.
POMC/CART activation results also from direct effect of glucose and fatty acids.
As a result, food intake and hepatic EGP decreases while energy expenditure
increases. In addition, seeing and tasting tempting foods activates POMC/CART and
inhibit NPY/AgRP neurons [Timper & Briining, 2017; Wilson & Enriori, 2015].
Hypothalamic endocannabinoid levels increase at fasting and decrease at
postprandial state due to changes in the hormonal signals [Silvestri & Di Marzo,
2013]. In basal state between the meals, energy homeostasis is mostly dependent on
input from leptin [Myers et al., 2010].
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Cortico-limbic reward system contributes to cognitive and emotional aspect in
feeding. Hedonic aspects of appetite is regulated by hunger, taste, food cues, and
palatable food [Berthoud, 2004; Kleinridders & Pothos, 2019]. Opioid and
endocannabinoid (ECS), as well dopamine system, are involved in the hedonic
control of food intake [Berthoud, 2004; Silvestri & Di Marzo, 2013]. The
homeostatic signals interact with the reward pathway. For instance, leptin suppress
feeding, and insulin decreases the desire for high-fat or high-sugar food by acting on
the dopaminergic neurons in the reward circuitry [Konner et al., 2009; Lutter &
Nestler, 2009; Timper & Briining, 2017].

2.3 The Pathogenesis of obesity

The constitutive cause of obesity is a long-term positive energy balance: energy
intake exceeding energy expenditure [Haslam & James, 2005]. Appetite, food intake,
and energy expenditure are coordinated by neural and neuroendocrine circuits at
central and peripheral levels in interplay with environment and genes [Oussaada et
al., 2019; Timper & Briining, 2017; Wilson & Enriori, 2015]. This intrinsic system
controlling energy balance is sensitive to disturbances that can unsettle energy
homeostasis predisposing to obesity [Myers et al., 2021; Roh et al., 2016]. The
overall pathogenesis of obesity is complex and not yet fully understood. Obesity
involves several components regulating energy homeostasis: dysregulated interplay
of brain and peripheral signals, pathological overeating and low physical activity in
a genetically prone person [Oussaada et al., 2019; Timper & Briining, 2017; Wilson
& Enriori, 2015].

2.3.1 Impaired crosstalk between the brain and periphery

Altered hypothalamic function or defective sensing of peripheral signals in
hypothalamic neurons, particularly leptin and insulin is associated with high-fat diet,
positive energy balance, and obesity [Kénner & Briining, 2012; Kullmann et al.,
2015; Roh et al., 2016]. Brain insulin resistance can result from several mechanism,
for instance, decreased blood-brain-barrier (BBB) transport of insulin to the brain or
impaired insulin signalling because of overfeeding and hypothalamic inflammation.
Central insulin resistance in turn, further promotes increased appetite, overnutrition
and weight gain [Konner & Briining, 2012; Scherer et al., 2021]. Hypothalamic
inflammation and gliosis — reactive inflammatory response of glial to cell damage —
are suggested causal factors of diet-induced obesity. Obesogenic diet among
genetically prone persons may induce inflammatory reaction in hypothalamic nuclei
involved in energy balance regulation. This in turn, may lead to neuronal dysfunction
favouring increased food intake and energy stores [Sewaybricker et al., 2023].
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In addition, dysregulation of reward circuits is a hallmark of obesity. Dopamine
D, receptor availability in subjects with obesity is proportional to their BMI [Wang
et al., 2001], and increased reactivity to food reward in limbic system in subjects
with obesity [Stoeckel et al., 2008]. While ECS participates in the energy balance
regulation in the central and peripheral levels by modulating both homeostatic and
hedonic pathways, dysregulation of this system associates with obesity. The overall
action of the ECS is to promote energy intake and storage, but when energy-dense,
highly palatable food is abundant, it favours development of obesity [Silvestri & Di
Marzo, 2013]. The ECS is more thoroughly discussed in later chapters.

2.3.2 Environment and lifestyle

The modern environment characterized by high availability of energy dense,
palatable food, increased presence of food cues with reduced level of physical
activity favours weight gain. In this obesogenic environment, the hedonic regulation
is prone to override the homeostatic pathway increasing the consumption of palatable
food regardless of energy requirement [Lutter & Nestler, 2009; Myers et al., 2021].
In preclinical studies with rodents, gliosis and structural changes in the hypothalamic
ARC, are stimulated by hypercaloric diet rich with saturated fat and simple
carbohydrates, and are associated with hyperphagia and weight gain. In humans, this
association is not yet proven, although neuroimaging studies and postmortem
histopathological analyses have served evidence of hypothalamic gliosis associated
with obesity [Sewaybricker et al., 2023].

Total body energy expenditure consists of resting metabolic rate, activity-related
energy expenditure and diet-induced thermogenesis (energy dissipated in the
absorption, metabolism and storage of nutrients). Studies examining energy
expenditure in obesity suggest lower activity-related energy expenditure, but not
resting metabolic rate or diet-induced thermogenesis, as a contributor to weight gain
[Oussaada et al., 2019]. Sedentary lifestyle and low physical activity promote weight
gain and ectopic fat [Jebb & Moore, 1999; Kujala et al., 2022; Leskinen et al., 2009],
although conflicting results exists [Hill et al., 2012].

BMI in childhood and youth correlates positively with BMI in adulthood [Juhola
et al., 2011]. Also low family income predisposes to obesity later in life [Juonala et
al., 2011]. Furthermore, family history of obesity and T2D increases the risk for
overweight and obesity adulthood [Anjana et al., 2009; Cederberg et al., 2015]. Other
environmental and societal factors that have been linked to the development of the
obesity pandemic are powerful marketing of calorie-rich food, low socioeconomic
status, gut microbiota, circadian rthythm and stress [Bliiher, 2019; Oussaada et al.,
2019; Qayyum et al., 2009].
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2.3.3 Genetic factors

Several genes associated with severe, early-onset obesity have been identified [Loos
& Yeo, 2022]. These monogenic causes of obesity are however rare, accounting only
approximately 7.3% of childhood-onset obesity [Kleinendorst et al., 2018].
Common, multifactorial, obesity is typically polygenic, in which the phenotype is
caused by several polymorphisms, witch account only a minor effect on BMI. Over
750 single-nucleotide polymorphisms have found to be associated with BMI [Locke
et al., 2015]. This genetic predisposition is not deterministic for obesity. Instead,
environmental and lifestyle factors modify heritability estimates [Loos & Yeo, 2022;
Silventoinen & Konttinen, 2020]. However, the monogenic and polygenic obesity
share the same biology as the pathology lies in the brain neural circuits, for instance
in genes coding for leptin-melanocortin pathway and pathways controlling the
hedonic aspect of food intake [Loos & Yeo, 2022].

24 Insulin action in energy and glucose
metabolism

Insulin is the main regulator of body glucose, lipid and amino acid metabolism.
Following plasma glucose rise after food ingestion, insulin secretion by pancreatic
cells is stimulated. The resulted hyperinsulinemia leads to suppression of EGP and
stimulation of glucose uptake (GU) and utilization in peripheral tissues. In addition,
insulin stimulates energy storage by stimulating glycogen synthesis, lipogenesis,
protein synthesis and by inhibiting lipolysis, glycogenolysis and protein catabolism
[Norton et al., 2022; M. C. Petersen & Shulman, 2018; Saltiel & Kahn, 2001]. In the
brain, insulin signalling regulates appetite, eating behaviour and whole-body energy
homeostasis through several mechanism by coordinating the organ interplay
[Kullmann, Kleinridders, et al., 2020; Scherer et al., 2021].

241 Insulin secretion and signalling

High surrounding glucose concentration is the main regulator of insulin secretion
from pancreatic B cells. In addition to insulin secretion, glucose increases insulin
gene transcription, and translation and transcription of insulin mRNA [Weiss et al.,
2000]. Amino acids, free fatty acids, and other hormones and neurotransmitters can
modulate the insulin secretion too. The effect of plasma amino acids at their
physiological concentrations is however small, and they only potentiate the effect of
glucose. Circulating free fatty acids can exert a long-term positive effects at
physiological levels on the responsiveness of B cells, but at pathological levels
induce B cell dysfunction [Henquin, 2021]. Incretins are peptide hormones secreted
by enteroendocrine cells in the gut in response to nutrient absorption. Glucose-
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dependent insulinotropic polypeptide (GIP) and glucagon-like peptide-1 (GLP-1)
amplify insulin secretion initiated by hyperglycaemia [Nauck & Meier, 2018].
Somatostatin is produced in in many locations in the body. Majority of circulating
somatostatin originate from gastrointestinal track, and a small proportion from
pancreatic 0 cells. Somatostatin has an inhibitory effect on insulin secretion. Also
leptin, secreted by white adipocytes, may have a long-term inhibitory effect on
insulin secretion. Parasympathetic nervous system can enhance insulin secretion,
while sympathetic system has an inhibitory effect. Long-term endogenic, as well
exogenic hypercortisolism, may lead to hypersecretion of insulin, while as a short-
term the effect is inhibitory [Henquin, 2021].

Insulin exerts its actions by binding to insulin receptors (IR), or in lesser extent
to closely related insulin-like growth factor-1 (IGF-1R) receptor, on the plasma
membrane of target cells (Figure 3). This initiates a cascade of phosphorylation
events leading to activation of phosphatidylinositol 3-kinase (PI3K)/ protein kinase
B (Akt) pathway. Of three Akt isoforms, Akt2 is predominant in insulin-sensitive
tissues and mediates most of insulin’s metabolic actions [Boucher et al., 2014; M. C.
Petersen & Shulman, 2018]. The low frequency partial loss-of-function p.P50T/Akt2
variant is associated with reduced insulin sensitivity in several peripheral tissues, and
also in brain [Latva-Rasku et al., 2018].
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Activated Akt allows multiple adjacent downstream reactions that leads to
insulin response in the plasma membrane. Phosphorylation of TBC1D4 and
TBCID1 by Akt mediates insulin-stimulated tissue GU by stimulating the
translocation of the transporter GLUT4 from intracellular stores to the plasma
membrane [Boucher et al., 2014; M. C. Petersen & Shulman, 2018; Saltiel & Kahn,
2001]. Phosphorylation of glycogen synthase kinase 3 (GSK3) in turn results in
glycogen synthesis in liver. Akt induced activation of mechanistic target of
rapamycin complex 1 (mTORCI) leads to enhanced protein synthesis as well as
increased lipid synthesis both in liver and in white adipose tissue (WAT).
Inactivation of transcription factors of the Forkhead box O (Foxo) by Akt results in
decreased expression of gluconeogenic genes, and suppression of EGP in liver.
Suppression of gluconeogenesis, and liver fatty acid oxidation is facilitated by
phosphorylation of PGC-1a [Boucher et al., 2014]. In addition, inactivation on Foxo
results decreased expression of lipogenic genes leading to reduced hepatic very-low-
density lipoprotein (VLDL) and triglyceride production [Boucher et al., 2014; M. C.
Petersen & Shulman, 2018; Sparks & Dong, 2009]. Inhibition of lipolysis in WAT
comprises of several Akt-dependent events as well [Norton et al., 2022].

24.2 Insulin action on peripheral tissue metabolism in
normal physiology

2.4.21 Skeletal muscle

In skeletal muscle, insulin action contributes primarily to GU and glycogen
synthesis. Hyperinsulinemia increases skeletal muscle GU up to 10-fold compared
to fasting state [Norton et al., 2022]. In basal postprandial state, skeletal muscle is
responsible for 30-40% of total systemic glucose disposal. The insulin stimulated
GU is mediated via recruitment of GLUT4 to the plasma membrane of myocytes.
Once entered to myocytes, glucose is phosphorylated to glucose-6-phoshate by
hexokinase II. Insulin-stimulated pathway downstream to glucose-6-phoshate can
either drift to glycolysis or glycogen synthesis, of which the latter predominates at
postprandial state. While glycogen synthesis is allowed by GSK3 inhibition by Akt,
insulin also suppresses glycogen breakdown by inhibin glycogen phosphorylase.
Insulin also participates to skeletal muscle protein metabolism. Insulin suppresses
proteolysis and stimulates protein synthesis [Norton et al., 2022; M. C. Petersen &
Shulman, 2018].
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24.2.2 White adipose tissue

The effect of insulin in WAT is anabolic: insulin suppresses lipolysis, stimulates GU
and adipogenesis by promoting triglyceride synthesis. At postprandial state, insulin
inhibits the release of non-esterified fatty acids (NEFA) into circulation and to other
tissues [Norton et al., 2022]. Long-term impairment of insulin action to suppress
WAT lipolysis and chronic exposure to increased level of circulating NEFAs can
lead to impaired insulin action in multiple tissues and compensatory increase in
insulin secretion, which is further disturbed by the “lipotoxic” effect on insulin
secretion of B cells. Ultimately this can lead to development of T2D. Insulin-
suppressed WAT lipolysis is indirectly involved in the suppression on hepatic EGP
though reduction of substrate and energy availability for hepatic gluconeogenesis
[M. C. Petersen & Shulman, 2018; Wajchenberg, 2000].

Insulin-stimulated GU into WAT is facilitated by GLUT4 [M. C. Petersen &
Shulman, 2018]. At postprandial state, the GU into WAT account for 5-10% of
glucose disposal [Virtanen et al., 2002]. However, fat depots largely differ according
to their metabolic characteristics such as lipid composition, secreted factors, and
sensitivity to sympathetic and hormonal control of lipolysis, lipogenesis and GU
[Wajchenberg, 2000]. Higher metabolic activity measured as GU has been shown in
visceral (VAT) than in abdominal subcutaneous (SAT) adipose tissue both in vivo
and in vitro [Christen et al., 2010; Virtanen et al., 2002]. Excess amount of visceral
adipose tissue associates with systemic insulin resistance and metabolic risk factors
stronger than abdominal adipose tissue, while femoral subcutaneous adipose tissue
can even have a have a protective role [Fox et al., 2007; Goodpaster et al., 2005;
Zhang et al., 2015].

Insulin promotes adipogenesis in adipocytes by providing glucose for the
formation of glycerol-3-phosphate (G3P) with which fatty acids esterify into acyl-
CoA to be used in glycerolipid synthesis. Insulin also stimulates the activity of
lipoprotein lipase (LPL), which acts on endothelium to release fatty acids from
circulating triglycerides to be taken up to adipocyte. Furthermore, insulin promotes
de novo lipogenesis, which proportion of the adipocyte lipid synthesis is however
small [M. C. Petersen & Shulman, 2018].

24.2.3 Brown adipose tissue

Brown adipose tissue, located mainly in supraclavicular and paravertebral depots in
adults, is capable to produce heat because of large number of mitochondria and
expression of uncoupling protein -1 (UCP1). Although fatty acids are likely the main
substrates for BAT energy utilization, glucose is an important nutrient in BAT. BAT
cells express GLUT1 and insulin-responsive GLUT4 transporters, of which GLUT4
are shown to be more abundant in BAT than in WAT [Orava et al., 2011; Ramage et
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al., 2016]. Under cold-exposure, BAT GU is up to eightfold higher than that if skeletal
muscle accounting for 1% of whole-body glucose disposal [Carpentier et al., 2018].
Insulin can stimulate BAT GU up to fivefold independent of blood flow. It seems that
cold induced thermogenesis increases BAT GU by increasing perfusion, while insulin-
stimulated GU is not dependent on increased blood flow [Orava et al., 2011].

2424 Liver

Insulin action in the liver regulates hepatic glucose and lipid metabolism via direct
and indirect mechanisms. During the fasting state, low circulating insulin and high
glucagon level increase hepatic EGP. Following glucose ingestion and rise in plasma
insulin and decline in glucagon levels, hepatic EGP decreases, GU, glycogen and
protein synthesis, and also the synthesis and storage of lipids increases [Norton et
al., 2022; M. C. Petersen & Shulman, 2018; Titchenell et al., 2017].

Insulin from the pancreatic B cell is secreted into the portal vein, and liver
removes 50% of the insulin secreted into circulation. Inhibition of hepatic EGP by
insulin takes place rapidly, and is mediated directly through suppression of
glycogenolysis. Suppression of gluconeogenesis is less sensitive to insulin. Indirect
effect on insulin on gluconeogenesis is mediated through suppression of WAT
lipolysis and a decrease in fatty acid availability for gluconeogenesis. Under normal
physiological conditions, the direct inhibition of gluconeogenesis is most prominent
and predominate in fed state, whereas the indirect insulin action predominates under
fasting [Norton et al., 2022; M. C. Petersen & Shulman, 2018].

Number of inputs, such as arterial-portal vein glucose gradient, fatty acids,
amino acids, insulin and neural mediators modulate the uptake of glucose into
hepatocytes. Hyperinsulinemia or hyperglycaemia themselves are not sufficient to
enhance hepatic GU. However, delivery of glucose to liver via oral-enteral-portal
vein route, and elevated insulin concentration increases the hepatic GU [Moore et
al., 2012]. Glucose enters to hepatocyte through GLUT2 transporters [Thorens,
2015]. The liver takes up approximately one third of the glucose load after a meal,
thus limiting postprandial hyperglycaemia [Moore et al., 2012]. In the hepatocytes,
glucose is converted to glucose-6-phosphate (G6P) by glucokinase (GCK), of which
transcription insulin increases. G6P, glucose and insulin stimulate glycogen synthase
leading to glycogen formation [Radziuk & Pye, 2002].

Insulin action in hepatic lipid metabolism is likewise anabolic. In postprandial
state, insulin promotes lipid storage in the hepatocytes by increasing de novo
lipogenesis, increases the uptake of triglyceride from circulation, suppresses fatty
acid oxidation and decreases the export of VLDL. Insulin-stimulated protein
synthesis in hepatocytes is mediated via Akt induced activation of mTORCI1 activity
[Norton et al., 2022; M. C. Petersen & Shulman, 2018].
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243 Brain insulin signalling

2.4.3.1 Insulin transport and receptors

Insulin enters the brain across the BBB via saturable receptor-mediated transport
[Banks et al., 2012; King & Johnson, 1985]. Insulin concentration in the
cerebrospinal fluid (CSF) is approximately 25% of that in blood, and increases
proportionally after ingestion of meal or with peripheral insulin infusion [Woods et
al., 2003]. However, if serum level of insulin is high enough to result in
hypoglycaemia, the CNS insulin acts in counter-regulatory manner to restrain
hypoglycaemia. Several factors and conditions affect the rate of insulin transport,
including brain region, hyperglycaemia, triglycerides, starvation, obesity, T2D,
inflammatory conditions and neurodegenerative diseases [Banks et al., 2012;
Scherer et al., 2021]. Insulin can also enter the brain via rapid, passive extravasation
through the median eminence (ME), located directly below the mediobasal
hypothalamus and adjacent to ARC. This route allows insulin a straight access to
interact with the orexigenic and anorexigenic neurons [Beddows & Dodd, 2021].

IRs, and also IGF-1Rs, are expressed throughout the brain in most cell types.
The highest density of IRs is found in the hypothalamus, olfactory bulb,
hippocampus, cerebral cortex and cerebellum [Banks et al., 2012; Havrankova et al.,
1978; Plum et al., 2005]. The IR density is higher in neurons than in glial cells, of
which 20-40% express IRs, and the density decreases with age [Banks et al., 2012;
Scherer et al., 2021]. Astrocytes, the most abundant glia cells in the brain and located
between vessels and neurons, are involved in nutrient sensing and the central
regulation of systemic metabolism. Astrocytic insulin signalling plays a key role in
regulating hypothalamic neuronal responses in order to adequately respond to
changes in systemic glucose availability. In mice, astrocyte-specific loss of IRs led
to impaired neuronal glucose sensing, reduced glucose and insulin levels in CSF and
decreased brain GU. The mice lacking astrocytic IRs are unable to increase or
decrease feeding in response to glucose deprivation or hyperglycaemia [Garcia-
Céceres et al., 2016]. Insulin binding to its receptor activates the PI3K/Akt signalling
pathway, leads to activation of ATP-sensitive potassium (Kartp) channel and
modulation of synaptic plasticity, gene expression and neuronal excitability.
[Beddows & Dodd, 2021; Plum et al., 2005].

2.4.3.2 The hypothalamic and extrahypothalamic targets of insulin

Hypothalamic NPY/AgRP and POMC/CART neurons in the ARC are the primarily
targets of central insulin through which insulin signals in the brain. In postprandial
state, IR activation in NPY/AgRP neurons results in decreased transcription of
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orexigenic NPY and AgRP. Insulin binding to POMC/CART neurons on the other
hand, leads upregulation of anorexigenic a-MSH and activation of melanocortin 4
receptors (MC4R) [Kleinridders et al., 2014; Plum et al., 2005]. The action of insulin
in hypothalamic neurons is interconnected with leptin signalling. In addition to ARC,
IR signalling in VMH and LH neurons modulates energy balance regulation [ Timper
& Briining, 2017]. Hypothalamic IR activation in astrocytes controls glucose and
insulin transport from circulation to brain and regulates glucose-induced activation
of hypothalamic POMC neurons [Garcia-Céceres et al., 2016].

IRs are expressed also in the dopaminergic neurons in the reward circuit, where
insulin act to decrease the motivation to consume food [Kullmann, Kleinridders, et
al., 2020; Timper & Briining, 2017]. Furthermore, intranasal (IN) administration of
insulin improves the functional connectivity in dopaminergic neurons, which has
found to associate with decreases in hunger and food desire. Central insulin
resistance in turn, associated with increased craving of palatable food [Kullmann,
Kleinridders, et al., 2020]. However, nutritional status and diet can modulate the
effects of insulin on dopaminergic neurons. Food restriction has been shown to
enhance and obesogenic diet decrease the dopamine release [Stouffer et al., 2015].
The effect of insulin in dopaminergic signalling might also be sex-dependent
[Kullmann, Kleinridders, et al., 2020].

Insulin action is essential for synaptic plasticity and functional connectivity in
the default-mode network (DMN), which participates self-referential processing and
evaluation of one’s internal mental and physiological state [Kleinridders et al., 2014;
Kullmann et al., 2016]. The DMN comprises of precuneus/posterior cingulate cortex,
lateral temporal cortex, prefrontal regions and hippocampus [Broyd et al., 2009;
Kullmann, Kleinridders, et al., 2020]. The prefrontal regions receive interoceptive
and exteroceptive signals stimulus via afferent input from other brain areas such as
hypothalamus, striatum and limbic system, and correspond to execution of adequate
behaviour. The lateral prefrontal cortex is involved in the inhibitory control of eating,
while the orbitofrontal cortex and anterior cingulate cortex participates decision-
making according to reward [Kullmann et al., 2016]. Hippocampal processing,
important in learning and memory, is also modulated by insulin [Banks et al., 2012;
Kleinridders et al., 2014; Kullmann et al., 2016]. Insulin regulates the activity of N-
methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) and type A y-aminobutyric acid (GABA) receptors in the hippocampus
(Kleinridders et al., 2014). In the fusiform gyrus, a brain region nearby hippocampus
within the temporal lobe, insulin suppresses the neural activity in response to visual
food cues [Kullmann et al., 2016].
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2433 Brain glucose metabolism and relation to insulin signalling

The brain consumes 100-150 g glucose per day [Cahill et al., 1966] accounting for
20% of the whole-body oxygen consumption at rest [Rolfe & Brown, 1997]. Under
normal physiological conditions, glucose is the main energy source for the brain.
During prolonged fasting however, ketone bodies, produced by hepatic mitochondria
from fatty acids, are the major energy source for brain [White & Venkatesh, 2011]
along with lactate [Deitmer et al., 2019; Koepsell, 2020].

Glucose transport into central nervous system (CNS) is facilitated in non-active
manner, mainly by saturable, high-affinity GLUT1 transporters in capillaries and
brain cells (Figure 4) Additionally, GLUT3, GLUT4 and the sodium-glucose
cotransporter 1 (SGLT1) in small brain capillaries may participate in local glucose
transport across the BBB. The facilitated diffusion of glucose occurs independent of
insulin, down the concentration gradient between glucose in blood and the brain
interstitium.
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Figure 4 Glucose transport and metabolism in brain and the astrocyte-neuron lactate shuttle.
GLUT1 transporters mediate glucose transport across the capillary endothelial cells to
central nervous system downstream to glucose concentration gradient. The GU into
astrocytes is mediated mainly by GLUT1. Inside the astrocytes, glucose is metabolized to
pyruvate in glycolysis and then converted to lactate, or stored as glycogen. The lactate is
shuttled from astrocytes to neurons, where it is converted to pyruvate and transferred for
citric acid cycle in mitochondria for aerobic energy production. GU into neurons is
facilitated mainly by high-affinity GLUT3 transporters, and in hypothalamus also by GLUT2
and insulin-responsive GLUT4 transporters. Inside the neurons glucose is utilized in the
production of energy in glycolytic or pentose phosphate pathway (Deitmer et al., 2019;
Koepsell, 2020). Reprinted with permission from Deitmer et al. 2019.

GU into neurons is mainly mediated by high-affinity and high-efficacy GLUT3
transporters. However, hypothalamic nuclei participating in the regulation of food
intake and energy homeostasis express also low affinity GLUT2 and insulin-
responsive GLUT4 transporters. It is proposed that GLUT2 are involved in the
regulation of food intake and the central regulation of glucose homeostasis
[Koepsell, 2020]. In rodents, reduced GLUT2 expression has been shown to link
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with increased food intake and altered expression of orexigenic and anorexigenic
neuropeptides [Bady et al., 2006]. In humans, genetic variation of GLUT2 associated
with increased daily consumption of sugars [Eny et al., 2008].

The role of hypothalamic GLUT4 transporters in the whole-body energy and
glucose homeostasis is essential, and brain GLUT4 and insulin signalling are
mutually related [Koepsell, 2020; Ren et al., 2015; Reno et al., 2017]. GLUT4 is
often coexpressed with IRs, and insulin, as well as leptin, stimulates GLUT4
translocation to the plasma membrane [Koepsell, 2020]. Neuronal IR knockout mice
(NIRKO) have expressed significantly reduced hypothalamic GLUT4 expression,
impaired hypothalamic neuronal response to hypoglycaemia, and blunted glucose-
responsiveness in specific glucose-sensing neurons, but unaltered brain GU [Diggs-
Andrews et al., 2010]. Mice with selective knockout of brain GLUT4 in turn were
glucose intolerant, showed impaired suppression of EGP and GU into brain, and
impaired response to hypoglycaemia, which was associated with reduced
hypothalamic neuronal activation [Reno et al., 2017]. Likewise, mice with selective
ablation of hypothalamic GLUT4 neurons also exhibited increased hepatic
gluconeogenic gene expression and hepatic lipid content. In addition, the GLUT4
neuron ablated mice showed signs of negative energy balance, including decreased
food intake and body weight, and increased energy expenditure [Ren et al., 2015].

In neurons, glucose is metabolized in the glycolytic pathway into pyruvate,
which is further metabolized in the citric acid cycle in mitochondria, or is converted
in lactate [Deitmer et al., 2019; Koepsell, 2020]. In addition, neurons receive energy
in the form of lactate generated and supplied by astrocytes. This astrocyte —neuron
lactate shuttle operates in accordance to neuronal activity. Lactate transferred to
neurons is converted to pyruvate for aerobic energy production in mitochondria
(Figure 4.) [Deitmer et al., 2019]. GU into astrocytes is mediated mainly by GLUT]1,
but also GLUT2, GLUT3 and insulin-responsive GLUT4 transporters. In addition to
providing energy for neurons, astrocytes are capable to store glucose as glycogen
[Deitmer et al., 2019; Koepsell, 2020].

244 Physiological effects of brain insulin action

2441 Regulation of feeding behaviour

Insulin acts as a satiety signal for brain suppressing appetite for especially palatable
foods. The primarily targets of insulin are the hypothalamic anorexigenic and
orexigenic neurons, as also dopaminergic neurons in the reward system [Timper &
Briining, 2017; Wilson & Enriori, 2015]. The effect of central insulin action on food
intake was first demonstrated in mice [Debons et al., 1970] and baboons [Woods &
Porte, 1975] and after that with numerous other species [Kullmann et al., 2016;
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Scherer et al., 2021]. In humans, IN insulin administration can be used for studying
the central insulin action [Dhuria et al., 2010; Schmid et al., 2018] with only minor
uptake into circulation [Born et al., 2002]. IN insulin administration increases the
feeling of satiety, decreases food intake [Benedict et al., 2008; Jauch-Chara et al.,
2012; Krug et al., 2018] and also body adiposity [Hallschmid et al., 2004], although
conflicting findings exist [Krug et al., 2018]. Anorexigenic response to IN insulin
might depend on sex, BMI and the nutritional state. In response to IN insulin
administration, men has showed greater reductions in weight, adipose tissue and food
intake than woman [Benedict et al., 2008; Hallschmid et al., 2004], and subjects with
obesity no significant reduction in weight as compared to lean subjects [Hallschmid
et al., 2008]. IN insulin administration in postprandial but not in fasted state was
followed by decreased appetite and food intake [Hallschmid et al., 2012].

Furthermore, IN administered insulin enhances functional connectivity between
brain areas associated with metabolic and cognitive processes, and this effect is
paralleled with suppression of appetite and reduction in the amount of VAT
[Kullmann, Heni, et al., 2017]. For instance, by controlling memory processes about
previously eaten food and satiety signals hippocampus can inhibit subsequent food
intake [Coppin, 2016]. Modification of olfaction by insulin may also affect calorie
intake. Hyperinsulinemia during euglycemia [Ketterer et al., 2011] as well as
intracerebroventricular [Aimé et al., 2012] and IN administration of insulin [ Briinner
et al., 2013] has been found to decrease olfactory detection, which associated with
decreased food craving in rats [Aimé et al., 2012].

In addition, cerebral insulin may suppress appetite and food intake by increasing
cerebral energy content as observed as increased levels of high-energy phosphate
compounds assessed with magnetic resonance spectroscopy (MRS) after IN insulin
administration [Jauch-Chara et al., 2012]. Likewise, insulin-stimulated chances in
cerebral metabolites in frontal and temporal brain regions were observed with MRS,
and this correlated with high whole-body insulin sensitivity. It is thus possible that
low whole-body insulin sensitivity might associate with impaired neuronal
metabolism [Karczewska-Kupczewska et al., 2013].

2442 Regulation of energy expenditure and thermogenesis

The brain controls energy metabolism via adjusting basal metabolic rate, physical
activity and adaptive thermogenesis [Spiegelman & Flier, 2001]. Thermogenesis
occurs mainly via BAT, and also in beige adipocytes located within WAT depots,
and is under central regulation and dependent on sympathetic outflow.
Hypothalamus receives thermal signals from periphery and activates signalling
pathway to induce BAT thermogenesis [Roh et al., 2016]. In addition, hormones and
nutrients such as insulin, leptin and glucose have an influence on BAT activity
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[Cannon & Nedergaard, 2004]. Data on brain insulin action on thermogenesis are
mainly based on murine models. Intracerebral administration of insulin induces BAT
activation [Bamshad et al., 1999; Miiller et al., 1997], which was demonstrated also
as increased BAT GU with positron emission tomography (PET) imaging [Sanchez-
Alavez et al., 2010]. Mice lacking brain IRs in turn, displayed a decrease in body
temperature under cold exposure indicating a failure in thermogenesis [Kleinridders
et al., 2014]. Central administration of MC4R and melanocortin 3-receptor (MC3R)
agonist had a stimulatory effect on BAT thermogenesis via enhanced sympathetic
outflow, indicating the role of central melanocortin receptors in BAT thermogenesis
[Brito et al., 2007]. In humans, IN insulin administration increased energy
expenditure at postprandial state as measured with indirect calorimetry [Benedict et
al., 2011].

24.4.3 White adipose tissue lipolysis and lipogenesis

In addition to direct effects, insulin controls WAT metabolism indirectly through
brain insulin signalling [Scherer et al., 2021]. Insulin infused to mediobasal
hypothalamus suppressed lipolysis and increased the expression of lipogenic
proteins. The suppression of lipolysis is mediated via suppression of sympathetic
outflow independent of peripheral insulin signalling. Also, increased lipolysis and
decreased de novo lipogenesis have been demonstrated with mice lacking neuronal
IRs [Scherer et al., 2011]. Similarly, mice with IR inactivation in all tissues,
including the brain, exhibited greater loss of WAT mass and hypoleptinemia due to
uncontrolled lipolysis as compared to mice with IR inactivation only in peripheral
tissues demonstrating the essential role of brain insulin action in regulating adipose
tissue metabolism [Koch et al., 2008]. The sympathetic nervous outflow to WAT has
been shown to colocalize with MC4Rs [Song et al., 2005] and being associated with
the control of WAT lipolysis [Brito et al., 2007]. Mice lacking IRs in POMC
neurons, show impaired suppression on WAT lipolysis indicating an impaired
indirect insulin action in WAT. The hepatic EGP however was not reduced in these
mice. Deletion of IRs in AgRP neurons did not alter the rate of WAT lipolysis, but
impaired the suppression of hepatic EGP [Shin et al., 2017]. Central administration
of insulin stimulated fatty acid uptake into WAT wunder conditions of
hyperinsulinemic-euglycemic clamp by activation of central Karp channels,
independent of activation of insulin or leptin signalling pathways in WAT
[Coomans, Geerling, et al., 2011]. In humans, IN insulin administration suppressed
circulating FFA levels and the rate of appearance of deuterated glycerol, indicating
suppression of lipolysis, without changes in lipolytic protein expression or changes
in plasma insulin levels [Iwen et al., 2014].
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2444 Regulation of hepatic glucose and lipid metabolism

Hypothalamic insulin signalling modulates the hepatic EGP in addition to the direct
insulin effect (Figure 5). In rodents, administration of insulin into the third cerebral
ventricle suppresses hepatic EGP independent of circulating insulin or other
glucoregulatory hormone levels. Also, blocking the binding on insulin to central IRs
leads to impaired ability of circulating insulin to suppress EGP [Obici, Feng, et al.,
2002; Obici, Zhang, et al., 2002]. While the insulin signalling cascade involves
activation of Katp channel, inhibition of the channels by central infusion of
sulfonylurea prevents the physiological suppression of EGP during an insulin clamp
[Obici, Zhang, et al., 2002; Pocai et al., 2005].

Similarly, activation of hypothalamic Karp channels results in decreased hepatic
EGP, with reduced expression of hepatic gluconeogenic enzymes [Pocai et al.,
2005]. AgRP neurons in the hypothalamus and the dorsal vagal complex are
recognized as an essential sites of central insulin signalling regulating the hepatic
EGP [Filippi et al., 2012; Konner et al., 2007]. In addition, resection of the efferent,
but not afferent, hepatic branch of vagus nerve fibres abolished the effect of centrally
administered insulin on hepatic EGP suggesting that efferent vagal input from brain
to liver is required for the proper action of brain-liver-axis [Pocai et al., 2005].
Central insulin signalling suppresses the hepatic efferents resulting in an increase in
hepatic interleukin 6 (IL-6) secretion leading to subsequent activation of
transcription 3 (STAT3) in hepatocytes and reductions in gluconeogenic enzyme
expression [Konner et al., 2007]. Indirect effect of central insulin signalling on
hepatic EGP is mediated via suppression of adipose tissue lipolysis and reduced FFA
and glycerol fluxes to liver [Koch et al., 2008], and possibly reduced pancreatic
glucagon secretion [Paranjape et al., 2010].

Somatostatin clamp studies in dogs with insulin infused either via portal or
peripheral vein and administering insulin centrally, has demonstrated the direct
effect of insulin to suppress EGP to overcome that of central insulin. This finding
was verified when controlling the indirect insulin effect to suppress lipolysis and
glucagon secretion. Central hyperinsulinemia was shown to activate hypothalamic
Akt and hepatic STAT3 accompanied by reduced gluconeogenic enzyme expression,
while central administration of PI3K inhibitor reversed these actions [Ramnanan et
al., 2011].

In humans, under euglycemic clamp with somatostatin, administration of IN
insulin demonstrated late suppression of EGP, occurring between 180-360 min after
insulin administration [Dash et al., 2015], as shown also with oral diazoxide
[Esterson et al., 2016; Kishore et al., 2011]. However, earlier, 100-120 min,
decreases in EGP have been reported as well [Heni et al., 2017]. Increases in the rate
of glucose infusion rate 15 min after IN insulin administration (in order to maintain
euglycemia during hyperinsulinemic-euglycemic clamp) as well as improvement in
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the insulin sensitivity has been demonstrated [Heni, Wagner, et al., 2014]. Liver
transplantation enables the study of hepatic denervation in humans. No significant
difference in the glucoregulatory indices was observed between the liver transplant
and control group [Schneiter et al., 2000]. It is thus assumed, that the effect of central
insulin on hepatic EGP is limited, and only potentiates the action of systemic insulin
[Scherer et al., 2021].
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Figure 5 Direct hepatic and extrahepatic insulin suppression of hepatic endogenous glucose
production (EGP). In the liver, insulin suppresses glycogenolysis and gluconeogenesis
and enhance glycogen synthesis. Acute activation of hepatic IRs stimulate glycogen
synthesis, whereas chronic results in downregulation of gluconeogenic enzymes,
upregulation of glucokinase (GCK), and an increase in glucose-6-phosphate (G6P) and
glycogen synthase (GS) levels leading to glycogen formation. G6P inhibits glycogen
phosphorylase (GP) decreasing thus glucose production. Inhibition of phosphorylase
kinase and activation of protein phosphatase by insulin results in suppression of
glycogenolysis. Peripheral and central insulin act via decreased sympathetic nervous
system (SNS) outflow to suppress WAT lipolysis and stimulate lipogenesis resulting in
decreased free fatty acid (FFA) and glycerol flux to liver. Reduced FFA flux to liver
inhibits intrahepatic triacylglycerol (TAG) accumulation and very-low-density lipoprotein
(VLDL) secretion. Peripheral and potentially central insulin suppress pancreatic
glucagon secretion, and central insulin action may suppress pancreatic insulin
secretion. Activation of ATP-sensitive potassium (KATP) channels mediate central
insulin action via vagal efferents to liver. Modified from Lewis et al., 2021. Based on
Petersen & Shulman, 2018; Roden & Shulman, 2019 and Lewis et al., 2021. lllustrated
partly using Servier Medical Art; https://smart.servier.com/, provided by Servier,
licensed under a Creative Commons Attribution 3.0 Unported license.
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Controversy exists about the effect of central insulin on adipose tissue lipolysis
in humans. Suppression of lipolysis assessed by circulating FFA levels and the rate
of appearance of deuterated glycerol in fasting state after IN insulin have been
reported [Iwen et al., 2014] as well as transient decrease in FFA levels in postprandial
state [Benedict et al., 2011]. With diazoxide during euglycemic clamp with
somatostatin no chances in FFA levels were found [Esterson et al., 2016; Kishore et
al., 2011]. Decreased FFA flux into the liver as a result of suppressed lipolysis and
increased lipogenesis by insulin leads to decrease in hepatic triacylglycerol (TAG)
content and VLDL secretion [Scherer et al., 2011]. Central insulin signalling in
contrast results in enhanced hepatic VLDL secretion thus decreasing hepatic lipid
content as demonstrated in rats with intracerebroventricular [Scherer et al., 2016],
and in humans with IN administration of insulin [Gancheva et al., 2015]. Also, mice
lacking central IRs showed decreased hepatic lipid secretion, whereas mice with
peripheral loss of IRs exhibited increased hepatic lipid export [Scherer et al., 2016].
It is suggested that the opposing effect of central insulin balances the direct insulin
action on liver [Scherer et al., 2021].

2445 Brain insulin action and peripheral insulin sensitivity

Evidence points towards that brain insulin action modulates peripheral insulin
sensitivity, although controversies exists. In mice, central administration of Karp
channel inhibitor reduced the insulin-stimulated GU of muscle, but not heart or
WAT, and reduced the inhibitory effect of insulin on hepatic EGP [Coomans,
Biermasz, et al., 2011]. Central delivery of a MC4R agonist enhanced the insulin
action measured as increased GU and glucose infusion rate and inhibition of EPG,
while the receptor antagonist had opposing effects [Obici et al., 2001]. However, a
study with centrally administered insulin antagonists, insulin or insulin agonist did
not show a change in the glucose disposal, although suppression of EGP was either
impaired or increased [Obici, Zhang, et al., 2002]. Also, intracerebroventricular
insulin infusion [Filippi et al., 2012] and central Katp channel activation [Pocai et
al., 2005] increased the glucose infusion rate needed to maintain euglycemia, which
was due to suppression of EGP instead of increased GU. The different results
regarding the GU has been by some authors explained by the use of differing insulin
levels or duration of fast before the clamp study [Parlevliet et al., 2014].

In humans, IN insulin administration improved systemic insulin sensitivity as
estimated by the homeostatic model assessment for insulin resistance (HOMA-IR),
and this correlated with an increase in hypothalamic activity measured with
functional magnetic resonance imaging (MRI) [Heni et al., 2012]. Improvement in
whole-body insulin sensitivity after IN insulin was found also during a
hyperinsulinemic-euglycemic clamp, detected as higher glucose infusion rate to
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maintain euglycemia and higher insulin sensitivity index. Also these findings
correlated with the chance in hypothalamic activity in functional MRI [Heni,
Wagner, et al., 2014].

CNS modulates pancreatic insulin, and also glucagon secretion via autonomic
output according to circulating and brain interstitial fluid glucose concentration
[Faber et al., 2020]. Early studies with dogs have found evidence of the central
insulin action in the control on pancreatic insulin secretion, while insulin delivery
into CSF was followed by an increase in peripheral insulin secretion [Chen et al.,
1975]. Later studies have not found this effect consistently [Scherer et al., 2011,
2016]. In mice, maternal HFD feeding during lactation led to impaired formation of
hypothalamic POMC and AgRP projections and parasympathetic innervation of
pancreas in offspring, which in turn was associated with obesity and insulin
resistance. POMC-specific IR inactivation in offspring prevented the impaired
axonal projections and the subsequent metabolic disturbances, demonstrating the
contributing effect of defective hypothalamic insulin signalling induced by maternal
HFD during lactation [Vogt et al., 2014].

When hypothalamic insulin sensitivity in humans was determined as decreased
hypothalamic blood flow after IN insulin delivery, the hypothalamic insulin
sensitivity was found to associate with decreased pancreatic insulin secretion
[Kullmann, Fritsche, etal., 2017]. ['*F]FDG PET study showed a positive correlation
with BGU and basal insulin secretion rate and total insulin output in non-diabetic
subjects but not in subjects with T2D. Potentiation of insulin secretion associated
positively with BGU in non-diabetic, but negatively in subjects with T2D. The
results points towards the brain’s contribution of insulin secretion independently of
insulin sensitivity [Rebelos et al., 2020]. According to neuronal mapping, the glucose
sensing neurons of ARC that express GCK enzyme appears to be essential for
pancreatic insulin secretion. Inhibition of these neurons resulted in impaired insulin
secretion and glucose intolerance [Rosario et al., 2016]. Also MC4Rs that bind o-
MSH derived from POMC neurons seem to have a role in regulating insulin level.
Deletion of these receptors in the dorsal vagal complex, a brainstem region
integrating afferent and efferent signals, has found to result in hyperinsulinemia and
insulin resistance independently of changes in weight and glucose homeostasis
[Berglund et al., 2014]. In addition, perturbation of hypothalamic GLUT4 expressing
neurons has found to associate with hyperglycaemia and decreased insulin secretion
[Ren et al., 2015]. The brain modulates the counterregulatory responses to
hypoglycaemia [Bolli & Fanelli, 1999]. Based on studies with mice, it is suggested
that hypothalamic insulin signalling might modulate glucagon secretion from the
pancreatic a-cells under fasting and hypoglycaemia [Paranjape et al., 2010].
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2.5 Obesity and insulin resistance

2.5.1 Mechanisms of obesity-induced insulin resistance

Insulin resistance is defined as inability of target tissues to adequately respond to
insulin effect [M. C. Petersen & Shulman, 2018]. Obesity-related insulin resistance
contributes to both defect in IRs and insulin signal transduction. The
pathophysiology of systemic insulin resistance is chronic overnutrition, which
promotes ectopic lipid accumulation in skeletal muscle and liver, and adipose tissue
hypertrophy and hyperplasia resulting in tissue-specific and systemic insulin
resistance [M. C. Petersen & Shulman, 2018]

Skeletal muscle insulin resistance is considered to precede the hepatic and
adipose tissue insulin resistance and pancreatic B-cell failure [DeFronzo & Tripathy,
2009; K. F. Petersen et al., 2007]. Because of the large proportion of postprandial
glucose disposal, skeletal muscle insulin resistance has a marked significance in
whole-body glucose turnover. The defect in insulin signalling cascade in myocyte
has been located at the proximal level as decreased IRs and PI3K/Akt binding,
GLUT4 translocation and glycogen synthesis [M. C. Petersen & Shulman, 2018].
Instead of glycogen synthesis in skeletal muscle, the ingested carbohydrates are
converted to hepatic de novo lipogenesis resulting in increased VLDL secretion and
plasma triglyceride level, and reduced plasma high-density lipoproteins [K. F.
Petersen et al., 2007]. Elevated FFA and triglyceride content in myocytes favours
lipid synthesis and further impairs the insulin signal transduction events and insulin-
stimulated GU resulting in lipid-induced insulin resistance. Suggested mediators of
lipid-induced insulin signalling impairment include fatty acid metabolite
diacylglycerol (DAG), fatty acyl-coenzyme A (fatty acyl-CoA), ceramides, and
incomplete mitochondrial fatty acid oxidation that produces reactive oxygen species
and acylcarnitine [Kahn et al., 2006; M. C. Petersen & Shulman, 2018; Roden &
Shulman, 2019].

WAT insulin resistance is associated with decreased adipocyte IR content,
signalling cascade activity and decreased GU. WAT expansion due to chronic
nutrient oversupply is accompanied with homeostatic stress, increased adipocyte
death, macrophage recruitment and increased production of molecules including
hormones and inflammatory cytokines that promote low-grade inflammation. WAT
dysfunction plays a central role in the development of systemic insulin resistance.
Impaired suppression of lipolysis and decreased lipogenesis stimulate increased
glycerol and FFA flux to other tissues. These changes favour ectopic lipid
accumulation and impairment of insulin signalling [Kahn et al., 2006; M. C. Petersen
& Shulman, 2018; Roden & Shulman, 2019]. Abnormal WAT mitochondrial
function associates with decreased whole-body insulin sensitivity via decreased
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secretion of bioactive factors and increased production of lactate. VAT, as compared
to SAT expresses higher lipolytic activity and lower rate of lipogenesis. Thus the
liver is via portal delivery exposed to larger amounts of lipid metabolites than the
peripheral tissues [Bodis & Roden, 2018].

Increased glycerol and FFA flux to liver stimulates hepatic gluconeogenesis,
triglyceride and TAG accumulation, and formation of lipotoxic metabolites and
proinflammatory mediators that inhibit insulin signalling. If continuing, these
changes are associated with non-alcoholic fatty liver disease (NAFLD). Suppression
of insulin-stimulated GU and glycogen synthesis results in rise in plasma glucose
level. In addition, overnutrition induced ER stress stimulates hepatic de novo
lipogenesis impairing hepatic insulin signalling. Increased lactate flux from WAT
further enhances liver insulin resistance by inducing hepatic gluconeogenesis [M. C.
Petersen & Shulman, 2018; Roden & Shulman, 2019].

Tissue-specific changes in insulin resistance results in postprandial and fasting
hyperglycaemia followed by compensatory rise in B-cell insulin secretion and B-cell
mass. Insulin secretion can increase up to fivefold to that of insulin sensitive
subjects’, while the B-cell mass is increased about 50% in subjects with obesity
related insulin resistance. The resultant hyperinsulinemia induces downregulation of
the number of IRs and the intracellular insulin signalling promoting insulin
resistance. Chronic hyperglycaemia and elevated FFA levels impair the adaptive
response of P-cells that results in a decline in insulin synthesis, secretion and
defective intracellular insulin signalling, and ultimately the development of T2D
[Kahn et al., 2006; Roden & Shulman, 2019].

25.2 Tissue-specific changes in insulin resistance

Insulin resistance results in tissue-specific manifestations that further modulate
tissue communication. In skeletal muscle, insulin resistance is manifested as
impaired insulin-stimulated GU and glycogen synthesis, increased FFA uptake
derived from WAT lipolysis, and accumulation of ectopic fat. Increased skeletal
muscle FFA availability impairs mitochondrial function and enhances lipotoxic
signalling. In WAT, insufficient suppression of lipolysis and impaired lipogenesis
with subsequent release of FFAs and glycerol, and decreased insulin-stimulated GU
and low-grade inflammation takes place. Hepatic glycolysis and gluconeogenesis are
enhanced, and net glycogen synthesis and GU decreased under insulin resistant
conditions. Skeletal muscle insulin resistance increases glucose delivery to the liver.
This, in association with hyperinsulinemia and increased FFA and glycerol flux from
the unsuppressed lipolysis in WAT, promotes triglyceride and hepatic ectopic fat
formation, lipotoxic signalling and impaired control of glycogen synthesis and
gluconeogenesis. Upregulated de novo lipogenesis leads to increased VLDL
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production. Obesity and HFD feeding that associates with systemic insulin
resistance, leads to BAT dysfunction. This BAT “whitening” is characterized by
diminished vascularity, loss of mitochondrial function and number, lipid droplet
accumulation, impaired thermogenic response and decreased BAT GU (Shimizu et
al.,, 2014). As a consequence of these dysregulated processes, insulin secretion
compensatory increases restoring normoglycaemia. With persistent stimulus, and
acquired and inherited factors, failure of B-cell insulin secretion and progression to
T2D may occur [Roden & Shulman, 2019; Samuel & Shulman, 2016].

253 Brain insulin resistance

Mechanisms of brain insulin resistance are not fully understood. According to a
theory, brain insulin resistance is a physiological adaptation to maintain systemic
euglycaemia under conditions with scarce availability of nutrients and warmth;
increased WAT lipolysis and hepatic EGP met the increased substrate utilization
ensuring the survival. In the modern world with abundant food supply and sedentary
lifestyle in turn, the brain insulin resistance is thought to serve as disadvantage
response contributing in systemic insulin resistance [Scherer et al., 2021].

Accumulating evidence points to diet-induced inflammation of hypothalamus as
a contributing mechanism for brain insulin resistance. This in turn leads to defective
interaction with the periphery promoting dysregulation of energy homeostasis and
obesity [Jais & Briining, 2017; Kullmann et al., 2016; Seong et al., 2019]. The most
examined nutrients in the pathogenesis of hypothalamic inflammation are lipids,
especially long-chain saturated fatty acids (SFA). These lipid species cross the BBB
and accumulate in the hypothalamus resulting in activation of inflammatory
pathways and inhibition of insulin, and also leptin signalling [Jais & Briining, 2017;
Seong et al.,, 2019]. In rodent models, high-fat diet (HFD) feeding induces
hypothalamic inflammation characterized by increased expression of
proinflammatory cytokines and inflammatory response, and impaired anorexigenic
insulin signalling [De Souza et al., 2005].

In rodent models, the onset of central inflammatory process is rapid.
Hypothalamic inflammatory signalling is evident only after few days of HFD
consuming before the onset of peripheral inflammation or substantial changes in
weight [Thaler et al., 2012; Waise et al., 2015]. The effect of HFD on markers of
inflammation resolves within the first few weeks suggesting a neuroprotective
response. However, with prolonged HFD feeding, the hypothalamic inflammatory
response and neuronal injury reappears [Thaler et al., 2012]. .Accordingly, post-
mortem brain tissue analysis in humans has revealed hypothalamic inflammatory
changes in subjects with obesity, with the degree of changes correlating with BMI
[Baufeld et al., 2016].
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Various cell types are involved in the HFD-induced hypothalamic inflammation.
Reactive gliosis, the recruitment, proliferation and morphological chances of
astrocytes and microglia in response to injury, and subsequent impairment in the
function of NPY/AgRP and POMC/CART neurons are the key events in
hypothalamic inflammation. In addition, impaired BBB function in response to HFD
contributes to the development of hypothalamic inflammation. Activated microglia
accumulated in the hypothalamus produce proinflammatory cytokines such as TNF-
a, IL-1pB and IL-6 [De Souza et al., 2005; Jais & Briining, 2017]. Similarly, astrocytes
gathered in the hypothalamus in response to HFD feeding produce inflammatory
factors. The underlying molecular mechanisms recognized involve the Toll-like
receptor 4 (TLR4), ceramide and protein kinase C (PKC), and ER stress pathways
(Figure 6). The subsequent insulin resistance leads to defective activation of
anorexigenic signals and suppression of orexigenic signals promoting increased food
intake and positive energy balance.
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Figure 6 Molecular mechanisms inducing hypothalamic inflammation and insulin resistance.
Insulin binding to insulin receptor (IR) activates PI3K/Akt signalling pathway leading to
Foxo1 phosphorylation and increased anorexigenic tone via induced POMC and
suppressed orexigenic NPY/AgRP gene expression. Binding of saturated fatty acids
(SFA) to Toll-like receptor 4 (TLR4) activates inhibitor of kappa B kinase beta (IKKpB)
complex and nuclear factor kappa (NF-kB) leading to expression of proinflammatory
cytokines. TLR4 activation induces also activation of c-Jun N-terminal kinase (JNK) that
inhibits insulin signalling and induces endoplasmic reticulum (ER) stress. ER stress in
turn activates the IKKB and NF-kB promoting inflammation. Induction of ceramides by
palmitic acid leads to translocation of protein kinase CO (PKCO) to the plasma
membrane of NPY/AgRP neurons, resulting in inhibition of insulin receptor substrate 1
(IRS1) and insulin signalling cascade. Based on Seong et al., 2019. lllustrated partly
using Servier Medical Art; https://smart.servier.com/, provided by Servier, licensed
under a Creative Commons Attribution 3.0 Unported license.
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Other cell types involved in the neuroinflammation are pericytes, tanycytes and
monocytes. Chronic HFD feeding leads to loss of hypothalamic neurons, and
reductions in synaptic inputs, activity and plasticity. In addition to hypothalamus,
hippocampus, various cortical regions, brainstem and amygdala have been shown to
be affected by the obesity-related inflammation. In addition to HFD, the
neuroinflammation in these structures is induced by a western diet rich both in fat
and carbohydrates, and high intake of sucrose [Dorfman & Thaler, 2015; Guillemot-
Legris & Muccioli, 2017; Jais & Briining, 2017; Seong et al., 2019].

254 Assessing brain changes associated with obesity with
neuroimaging

Neuroimaging studies have demonstrated hypothalamic inflammation also in
humans with obesity. Increased gliosis was observed in the mediobasal
hypothalamus in subjects with obesity as compared to normal-weight subjects in
MRI analysis, and the degree of gliosis did not correlate with age or gender [Thaler
et al., 2012]. Also, obesity-related low-grade systemic inflammation associated
with reduced integrity of brain structures involved in feeding behaviour, and also
with reduced volume of brain regions involved in reward system [Cazettes et al.,
2011]. A study using diffusion tensor imaging (DTI), a MRI-based technique that
provides information about brain microstructural injury, revealed a positive
correlation between BMI, body fat mass, systemic insulin resistance, impaired
cognitive performance and the degree of hypothalamic injury [Puig et al., 2015].
Similarly, decreased white matter integrity, which was interpreted to represent
axonal loss and measured with DTI, associated with obesity-related systemic
inflammation and impaired working memory [Repple et al., 2018]. Furthermore,
metabolic syndrome and insulin resistance has found to associated with reduced
cortical grey matter volume and thickness assessed with MRI, and the effect was
due to insulin resistance per se [Lu et al., 2021]. In numerous studies obesity has
found to be linked with lower grey matter volume and cortical thickness [Kullmann
et al., 2016].

Further evidence on the relationship of obesity and central insulin resistance in
humans has accumulated with magnetoencephalography (MEG), functional MRI
(fMRI) and PET studies. MEG showed an increase in spontaneous and stimulated
cerebrocortical activity during hyperinsulinemic-euglycemic clamp in lean subjects
but not with subjects with obesity, and the increase in the cortical activity correlated
negatively with BMI and percent body fat [Tschritter et al., 2006]. Also, insulin-
mediated cortical activity correlated negatively with VAT mass, intrahepatic lipid
content and serum SFA concentrations suggesting a link between circulating SFA
and defective insulin action in the brain [Tschritter et al., 2009]. Data from fMRI
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studies have revealed obesity-related changes in brain responses to food stimulus in
brain areas related to food processing and reward. After food exposure, subjects with
obesity showed greater brain responses than lean subjects, even when satiated
[Connolly et al., 2013; Filbey et al., 2012; Heni, Kullmann, et al., 2014].

Finally, PET studies investigating brain insulin signalling have revealed
increased insulin-stimulated BGU in humans and animal with obesity as compared
to lean subjects [Bahri et al., 2018; Tuulari et al., 2013], and attenuation in BGU
after bariatric surgery induced weight loss coupled with enhanced peripheral insulin
sensitivity [Tuulari et al., 2013]. Also, subjects with impaired glucose tolerance
showed increased BGU under insulin stimulation when compared to healthy subjects
[Boersma et al.,2018; J. W. Eriksson et al., 2021; Hirvonen et al., 2011; Latva-Rasku
et al., 2018]. Similarly, a large scale cohort analysis showed a negative correlation
between the insulin-stimulated BGU and whole-body insulin sensitivity [Rebelos et
al., 2021].

2.5.4.1 Brain insulin resistance and dysregulation of peripheral tissues

Brain insulin resistance has been found to associate with metabolic alterations in
peripheral tissues, feeding behaviour and also in cognitive functions (Figure 7).
Although it is unknown whether the brain insulin resistance is a cause or the
consequence of these changes, it acknowledged that the brain participates in the
interorgan communication regulating systemic insulin sensitivity and energy
homeostasis [Kullmann, Kleinridders, et al., 2020; Scherer et al., 2021].

Overnutrition and excess dietary fat correlate with hypothalamic inflammation
and resistance to circulating anorexic signals. The subsequent insulin, as well as
leptin resistance results in disrupted neuronal interplay with impaired activation of
POMC/CART and suppression of NPY/AgRP neurons and decreased MC4R
signalling. This further promotes appetite and food intake, and decreases energy
expenditure via reduced secretion of thermogenic hormones such as thyrotropin-
(TRH) and corticotrophin-releasing hormone (CRH) and increased secretion of
anti-thermogenic melanin-concentrating hormone (MCH) [Jais & Briining, 2017,
Seong et al., 2019]. The following positive energy balance leads to weight gain
maintaining the cycle. Evidence of the association of impaired brain insulin
signalling and reduced BAT metabolism has gained from studies with mice and
humans [Benedict et al., 2011; Sanchez-Alavez et al., 2010]. Also, BAT activity is
blunted in subjects with obesity as compared to lean subjects. This has been
demonstrated as lower BAT GU rate under cold and insulin stimulation with
['F]FDG PET, with the BAT GU correlating positively with whole-body insulin
sensitivity [Orava et al., 2013].
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Figure 7 Brain insulin resistance and its metabolic and neural impacts. Chronic overnutrition and
obesity induce brain insulin resistance leading to impaired metabolic functions in
peripheral tissues, increased food intake, and a decline in cognitive functions and mood
disorders. Dashed lines indicate impaired insulin effect. BAT, brown adipose tissue;
SNS, sympathetic nervous system; VLDL, very-low-density lipoprotein. Based on
Kullmann et al., 2016, Heni et al., 2017 and Scherer et al., 2021. lllustrated partly using
Servier Medical Art; https://smart.servier.com/, provided by Servier, licensed under a
Creative Commons Attribution 3.0 Unported license.

Brain insulin action inhibits lipolysis and promotes lipogenesis in WAT, and
during brain insulin resistance, these effects are impaired, via increased sympathetic
outflow to WAT. The resultant increase in FFA and glycerol flux to liver provide
substrate for hepatic gluconeogenesis [Scherer et al., 2011]. Central insulin
resistance results in impaired hepatic vagal nerve suppression of hepatic EGP by
decreasing gluconeogenic enzyme expression and stimulating glycogen synthesis
[Lewis et al.,, 2021]. The decreased central insulin action and simultaneous
peripheral hyperinsulinemia promotes hepatic de novo lipogenesis, and reduces
hepatic triglyceride and VLDL secretion [Scherer et al., 2016].

The relationship and potential causality between brain and skeletal muscle
insulin resistance is more controversial. In a study with juvenile obese, Western diet
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fed pigs, signs of impaired insulin signalling and action were detected in brain and
WAT, but not in skeletal muscle, suggesting that impairments in the brain and WAT
insulin signalling may precede that in skeletal muscle, or the brain might be more
vulnerable to metabolic perturbations [Olver et al., 2018].

In addition, impaired brain insulin signalling has been found to associate with
premature cognitive decline, Alzheimer’s disease and related dementias and
behavioural disorders [Kullmann et al., 2016]. Murine models have demonstrated
hypogonadotropic hypogonadism and reduced fertility due to hypothalamic-
pituitary-gonadotropin axis dysfunction as a result of impaired central insulin
signalling [Briining et al., 2000; Manaserh et al., 2019].

2.6 Endocannabinoid system

2.6.1 Cannabinoid receptors and their ligands

The ECS modulates appetite, food intake and energy balance, in addition to other
physiological and cognitive processes [Silvestri & Di Marzo, 2013]. The ECS
consists of two G-protein-coupled receptors, cannabinoid type 1 and type 2 (CB1R
and CB2R, respectively), their endogenous ligands and ligand-metabolizing
enzymes [Di Marzo et al., 2009]. CB1Rs are widely expressed in the CNS, including
the neurons involved in the energy balance regulation. In peripheral tissues, CB1Rs
are abundant in tissues controlling energy homeostasis, such as gastrointestinal tract,
adipose tissue, liver, skeletal muscle, and endocrine pancreas [Silvestri & Di Marzo,
2013]. CB2Rs in turn are mostly located in immune cells, were they modulate
cytokine release [Pertwee, 2006]. Although CB1Rs are considered to be the primary
cannabinoid receptors responsible for metabolic regulation, CB2Rs might have role
in the energy homeostasis control [Silvestri & Di Marzo, 2013].

The most studied endogenous ligands, endocannabinoids (EC) are anandamide
(AEA) and 2-arachidonoylglycerol (2-AG). All ECs are derivates from the cell
membrane long chain polyunsaturated fatty acid (PUFA) arachidonic acid. ECs are
produced after cell stimulation “on demand” and released to their target cannabinoid
receptor [Silvestri & Di Marzo, 2013]. Intracellular EC degradation is facilitated
mainly by fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL)
[Muccioli, 2010]. The precursors of the EC metabolizing enzymes derive from
phospholipids, whose levels are influenced by dietary omega-3 and omega-6 PUFAs,
especially arachidonic acid and docosahexaenoic acid (DHA) [Di Marzo, 2008a].

After released from the cell, ECs bind to cannabinoid receptors, and are then
rapidly taken into the cell resulting in an activation of signal transduction pathway,
and followed by intracellular degradation. The outcome is a modulation of
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neurotransmitter release within the nervous system and multiple biological actions
in peripheral tissues [Silvestri & Di Marzo, 2013].

2.6.2 Central endocannabinoid system and the regulation of
energy balance

In the CNS, ECS stimulates appetite and food consumption by modulating both
homeostatic and hedonic pathways. CB1Rs are widely expressed in the olfactory
bulb, several cortical regions and basal ganglia, thalamic and hypothalamic nuclei,
cerebellar cortex, and brainstem nuclei [Pagotto et al., 2006]. A brainstem structure
outside the BBB, area postrema (AP), might be an important structure for EC
signalling as well [Quarta et al., 2011]. The hypothalamic CB1Rs have been found
to colocalize with neuropeptides that modulate food intake. ECs are released from
the depolarized post-synaptic neuron to activate the presynaptic CB1Rs resulting in
either increased stimulation of orexigenic or inhibition of anorexigenic neurons.
Leptin controls negatively central ECS tone [Gatta-Cherifi & Cota, 2016], while
hypothalamic insulin seems to have no effect on hypothalamic EC levels [Matias,
Vergoni, et al., 2008].

Although the main effect of EC signalling in the brain is orexigenic, CB1Rs in
the forebrain GABAergic neurons mediate hypophagic actions via reduced
inhibitory transmission. It is proposed, that the opposing effects of the ECS in
different brain structures reflects the fine-tuned control of neuronal network for the
regulation of feeding behaviour [Bellocchio et al., 2010]. As the CBIR signalling
may vary upon the specific brain region and presence of hormones such as leptin,
ghrelin and glucocorticoids, it may depend on diet consumed as well. Accordingly,
mice lacking hypothalamic VMH CB1Rs were hypophagic when exposed to food
after prolonged fast, but hyperphagic when exposed to HFD [Cardinal et al., 2014].

The homeostatic pathways in the hypothalamus interact with the reward system.
Activation of CB1Rs in the mesolimbic system, nucleus accumbens and ventral
tegmentum area affects the hedonistic aspects of feeding by promoting the
motivation to consume highly palatable food, especially high caloric food rich in fat
and sugar [Tarragon & Moreno, 2017]. This takes place in interaction with the
dopaminergic and opioidergic pathways [Silvestri & Di Marzo, 2013]. In addition,
activation of CB1Rs in the afferent and efferent brainstem neurons are thought to
modulate the vagal output to periphery and thus regulate energy metabolism
according to the anorexigenic or orexigenic gastric peptides and gastrointestinal load
in relation to eating or fast [Quarta et al., 2011].

Besides the control of eating behaviour, the central ECS participates in the
control of thermogenesis. Hypothalamic CB1Rs are suggested to regulate neuronal
input to BAT [Cota et al., 2003] and BAT thermogenesis [Richard et al., 2009].
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Hypothalamic EC signalling modulates peripheral metabolism also by regulating
hepatic EGP and WAT metabolism. Central CB1R activation induce hepatic insulin
resistance independent of hepatic insulin signalling, whereas blockade of the central
CB1Rs in HFD fed insulin resistant rats restored the hepatic insulin sensitivity. Also,
central CBIR stimulation led to impaired suppression of WAT lipolysis under
insulin-stimulation that was reversed by the blockage of these receptors. It was
suggested that elevated central ECS tone suppresses hypothalamic insulin
sensitivity, which in turn correspondence the peripheral metabolic alterations
[O’Hare et al., 2011].

In addition to being located on the neuronal membrane, CB1Rs have been detected
in the mitochondrial membrane, where they participate in the regulation of neuronal
energy metabolism [Bénard et al., 2012]. Furthermore, CB1Rs are expressed in
astrocytes on their plasma membrane and in mitochondria. ECS signalling seems to
modulate several essential astrocytic functions, such as calcium signalling, which is
further linked with the release of gliotransmitters and inflammation [Eraso-Pichot et
al., 2023]. Interestingly, activation of mitochondrial CB1Rs in astrocytes led to
decreased glycolytic production of lactate, which in turn associated with impaired
neuronal metabolic state and altered social behaviour in mice. It was concluded, that
mitochondrial CB1Rs regulate glycolysis and lactate production in astrocytes to ensure
the metabolic homeostasis of neurons [Jimenez-Blasco et al., 2020].

2.6.3 Peripheral endocannabinoid system and energy
metabolism

ECS regulates metabolic functions in several peripheral tissues, including the WAT,
BAT, liver, endocrine pancreas and skeletal muscle. CB1R activation on WAT has
lipogenic actions and associates with adipocyte differentiation. CB1R stimulation in
WAT promotes fatty acid and glucose uptake, de novo lipogenesis, adipocyte
differentiation, reduces lipolysis, and impairs mitochondrial biogenesis and cold-
induced browning. In BAT, ECS activation results in decreased fatty acid uptake,
thermogenesis and mitochondrial biogenesis. The overall effect of ECS signalling in
adipose tissue is thus to favour energy storage. These actions are mediated by the
direct binding of circulating ECs to adipocyte CB1Rs, central ECS signalling and
modulation of sympathetic outflow to adipose tissue [Jung et al., 2022; Quarta et al.,
2011]. In addition, EC biosynthesis in WAT seems to be under negative control of
insulin and central leptin signalling [Matias et al., 2006].

Activation of hepatic CB1Rs promotes lipogenesis and lipid accumulation via
upregulation of lipogenic enzymes and de novo lipogenesis [Osei-Hyiaman et al.,
2005]. In addition, hepatic CB1R activation is associated with impaired glucose
tolerance, presumably through inhibition of insulin signalling within hepatocytes
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[Silvestri & Di Marzo, 2013]. In pancreatic B-cells, CB1R stimulation have found to
enhance basal and glucose-stimulated release of insulin, as also insulin signalling
[Gatta-Cherifi & Cota, 2016]. In pancreatic a-cells, stimulation of CB1Rs enhance
glucagon release. It is suggested that the altered hormone secretion from the pancreas
after CB1R stimulation do not however account for the alterations in plasma glucose
level, which is rather affected by modulations in skeletal muscle and liver insulin
sensitivity [Di Marzo, 2008b].

In myocytes, ECS seems to regulate the insulin signalling pathways downstream
the IR leading to reduced translocation of GLUT4 and decreased basal and insulin-
stimulated GU into myocytes. In addition, CB1R stimulation inhibits mitochondrial
biogenesis and impairs skeletal muscle oxidative metabolism [Silvestri & Di Marzo,
2013].

26.4 Endocannabinoid system in obesity

Obesity and related metabolic disorders are characterized by dysregulation of the ECS.
As a manifestation, increased EC biosynthesis and EC levels within the brain,
peripheral tissues, circulation, and also altered CR1R expression has been detected in
both rodents and humans [Gatta-Cherifi & Cota, 2016; Quarta et al., 2011]. Also,
increased circulating EC levels are found to correlate positively with BMI, waist, body
fat percentage, VAT and SAT masses, plasma triglyceride, insulin sensitivity, and
negatively with high-density lipoprotein (HDL) cholesterol. Weight loss in turn is
followed by a decrease in the EC levels. As the EC levels are increased in tissues,
including the VAT, in subjects with obesity, they show decreased EC levels in SAT.
This is suggest to reflect an imbalance of the ECS tone favouring fat accumulation to
VAT depots [Quarta et al., 2011]. It is also observed that the circulating EC levels
change according to the phase of eating in both lean subjects and subjects with obesity
[Gatta-Cherifi & Cota, 2016] and the content of food consumed, especially the amount
and quality of fat, and the duration of HFD [Matias, Petrosino, et al., 2008].

Some discrepancy exists regarding the CB1R expression rate in obesity. HFD
fed [Yan et al., 2007] and obese rats [Bensaid et al., 2003] showed increased CB1R
expression in WAT, while in humans with obesity, a trend toward a decreased CB1R
levels with increased EC levels in VAT were observed [Matias et al., 2006].
Similarly, subjects with obesity displayed lower CBIR gene expression in
abdominal SAT and VAT than lean subjects [Bennetzen et al., 2011; Bliiher et al.,
2006; Engeli, 2008; Sarzani et al., 2009], and weight loss was followed by an
increase in the CB1R expression rate [Bennetzen et al., 2011]. EC degrading enzyme
and CBIR expression in abdominal SAT both has been found to correlate negatively
with circulating EC levels suggesting a negative feedback loop regulation [Engeli et
al., 2005]. HFD consumption alters skeletal muscle CB1R expression in rodent

45



Laura Pekkarinen

models of obesity, and the altered ECS tone might promote muscle insulin resistance
[Silvestri & Di Marzo, 2013]. Accordingly, pharmacological blockade of skeletal
muscle CB1Rs lead to an increase in the muscle GU [Liu et al., 2005]. Similarly, in
diet-induced obese (DIO) rats, downregulation of central CBIRs in several
extrahypothalamic regions but not in the hypothalamus has been shown.
Interestingly, especially intake of highly palatable food associated with the CB1R
density in these extrahypothalamic regions, suggesting a link between these
receptors and diet-induced obesity [Harrold et al., 2002]. Varying results of the
relation of EC metabolizing enzymes in obesity has been found, expression the
enzymes being differently affected depending also the WAT depot [Bennetzen et al.,
2011; Bliiher et al., 2006; Engeli et al., 2005].

Whether the deregulated ECS tone is a cause or the consequence of obesity has
not been established [Gatta-Cherifi & Cota, 2016]. As obesity is characterized by
insulin and leptin resistance, it seems that these disturbances are linked with the
elevated ECS tone in both central and peripheral tissues [D’Eon et al., 2008; Di
Marzo, 2008c; Di Marzo et al., 2001; Matias et al., 2006; Tam et al., 2012]. Impaired
hypothalamic leptin signalling in obesity associates with elevated hypothalamic EC
levels, which in turn might contribute to peripheral metabolic dysregulations
including excess fat accumulation [Di Marzo et al., 2001]. Likewise, it is suggested
that the central ECS upregulation hinders hypothalamic insulin sensitivity and the
insulin effect on peripheral tissue metabolism, which can predispose to systemic
metabolic dysregulation and obesity [Quarta et al., 2011]. Obesity-related ECS
activation associates with increased expression of TNF-a, which in turn drives ECS
activation, and thus creates a potential cycle between adipose tissue inflammation,
ECS overactivity and weight gain [Kempf et al., 2007]. Impaired WAT and BAT
mitochondrial oxidative activity due to ECS overactivity may in part contribute to
decreased whole-body energy metabolism and favour weight gain [Quarta et al.,
2011]. In addition, genetic variability in the CB1R coding gene, the CNR1 in humans
has found to associate with BMI, insulin resistance and dyslipidaemia [Baye et al.,
2008] and also visceral adiposity [Bordicchia et al., 2010]. Similarly, AEA degrading
enzyme polymorphism is linked with obesity phenotype related to cardiometabolic
risk with higher levels of circulating AEA [Martins et al., 2015], and interestingly,
increased reward-related brain activity [Hariri et al., 2009].

2.6.5 Endocannabinoid system as a target to treat obesity

While the ECS regulates energy balance at several levels it provides a potential target
to treat obesity and associated metabolic disturbances. Initial studies with rodents
demonstrated that the first selective CBIR inverse agonist Rimonabant (SR141716)
[Rinaldi-Carmona et al., 1994] reduced food intake and weight [Colombo et al.,

46



Review of the Literature

1998]. Accordingly, clinical trials revealed reductions in body weight and adiposity,
as also improvements in lipid and glucose homeostasis in humans. Severe
neuropsychiatric side effects forced the Rimonabant to be withdrawn from clinical
use [Sam et al., 2011], and since then approaches to modulate the peripheral ECS
has been investigated [Simon & Cota, 2017].

Peripherally restricted CBIR inverse agonist JD5037 was shown to reduce
appetite, body weight, insulin resistance and hepatic steatosis in DIO mice, and the
appetite and weight reduction were mediated by reversion of hypothalamic leptin
resistance by the JD5037 [Tam et al., 2012, 2017]. Also, DIO mice treated with
peripherally restricted CB1R antagonist AM6545 was found to be hypophagic and
showed sustained weight loss and improvements in glucose homeostasis, plasma
lipid profile and hepatic lipid content [Cluny et al., 2010; Tam et al., 2010].
Peripheral CBIR antagonist BPR0912 induced weight loss irrespective of food
intake in DIO mice. In addition, chronic treatment with BPR0912 resulted in an
activation of hormone-sensitive lipase (HSL), the key lipolytic enzyme in WAT, and
induced upregulation of lipolytic and lipid oxidation promoting genes in DIO mice.
Also, BPR0912 induced upregulation of mitochondrial UCP1 in BAT and WAT, and
enhanced thermogenesis. As in previous studies, an increase in leptin sensitivity was
the suggested the underlying mechanism in these effects. Upregulation of [2-
adrenoreceptor in both WAT and BAT observed in DIO mice treated with BPR0912
was suggested to explain the observed improvements in insulin sensitivity and in
part the loss in body weight, as [P2-adrenoreceptor activation stimulates
mitochondrial function, insulin-dependent GU and GLUT#4 translocation. [Hsiao et
al., 2015].

As the neuropsychiatric adverse effects of Rimonabant were suggested to result
from the inverse agonism of the compound [Meye et al.,, 2013], CB1R neutral
antagonist, such as AM4113, has been found to induce weight loss without increases
in anxiety and depressive-like behaviour in mice [Gueye et al., 2016]. Several studies
in rodents have demonstrated AM4113 treatment induced suppression of appetite
and food intake accompanied with reduction in body weight [Chambers et al., 2007;
Cluny et al., 2011; Sink et al., 2008], which was primarily contributed by reduced
fat mass, but unaltered circulating glucose and lipid levels [Cluny et al., 2011]. In
addition, endogenous allosteric ligands such as the steroid hormone pregnenolone,
hemopressin, and an urea derivative PSNCBAM-1 have shown to reduce food intake
and body weight in animal studies [Simon & Cota, 2017].

Inhibition of the biosynthesis of ECs by modulating the dietary lipid composition
has provided promising results both in animals and humans. Diet enriched in omega-
3 and limited with omega-6 PUFAs has shown improvements in lipid profile, body
composition accompanied with reduced circulating EC levels in subjects with
obesity and dyslipidaemia [Berge et al., 2013; Naughton et al., 2016].
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3 Aims

The aim of the thesis was to investigate whether alterations in brain and peripheral
tissue insulin sensitivity and endocannabinoid system associates with obesity risk in
the early adulthood. It is widely acknowledged that obesity is associated with brain
insulin resistance manifested as increased insulin-stimulated brain glucose uptake,
and alterations in the endocannabinoid system tone. It remains unresolved whether
the alterations are present already in the pre-obese state, and whether they link with
risk factors for obesity.

The specific questions addressed in this thesis were:

I.  Is cerebral glucose uptake increased in healthy young subjects in pre-obese
state?

II.  Is brain glucose uptake associated with whole-body and peripheral tissue
insulin sensitivity already in early adulthood?

II.  Are central and peripheral CBIR availabilities associated with obesity risk
factors including overweight and increased body adiposity, insulin
resistance, low physical activity and familial risk factors?
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4 Materials and Methods

The study protocol was reviewed and approved by the Ethics Committee of the
Hospital District of Southwest Finland. All participants provided their written
informed consent prior to participating in the clinical study (NCT03106688). The
studies were conducted in accordance with the principles of the Declaration of
Helsinki. Volunteers were recruited via newspaper advertisements, university-
hosted email lists and bulletin boards.

4.1 Study subjects

A group of 19 healthy subjects were recruited to the high-risk (HR) and 22 to the
low-risk (LR) group according to common obesity risk factors (BMI, leisure time
physical exercise and parental risk factors). Inclusion criteria to the HR group was
male sex, age of 20-35 years, BMI 25-30 kg/m?, leisure time physical exercise < 4
hours per week and maternal or paternal overweight or obesity or T2D. Inclusion
criteria for LR group were male sex, age 20-35 years, BMI 18.5-24.9 kg/m?, leisure
time physical exercise > 4 hours per week and no parental overweight or obesity or
T2D. Exclusion criteria for both groups were any chronic disease or medication that
could affect glucose metabolism or neurotransmission, eating disorder, smoking
tobacco, abusive use of alcohol or narcotics, and prior participation in PET studies
or other significant prior exposure to radiation.

Clinical screening, consisting of physical examination, anthropometric
measurements, electrocardiography (ECG), routine laboratory tests, a 2-hour oral
75-g glucose tolerance test, urine drug screening and medical history inquiry were
performed before inclusion to the study. In study I and II, the sample consisted of 19
HR and 22 LR subjects, and in study III, 16 HR and 21 LR subjects. The basic
characteristics of the subjects” are described in Table 1.

The familial obesity risk scoring applied in study I, consisted of subject’s report
of parental overweight, obesity and T2D; one point from such condition in one parent
and two point from both parents, total score ranging from 0 to 4.
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Table 1  Basic characteristics of the study subjects. HR, high-risk; LR, low-risk. Data presented
as mean + SD.

Study Risk group n Age (years) BMI (kg/m?) Radiotracer
I HR 19 27 + 4 271+19 [''C]carfentanil
['8F]FMPEP-d,
LR 22 23+3 21.9+20 ['®F]FDG
I HR 19 27 +4 271+1.9 ["*FIFDG
LR 22 23+3 21.9+2.0
n HR 16 28 + 4 27.3£1.9 ['®F]FMPEP-d,
['®FIFDG
LR 21 23+3 221+2.0

4.2 PET studies

4.21 Principles of PET

PET is a non-invasive imaging technique which allows quantitative in vivo
measurement of physiological and biochemical processes such as metabolism, blood
flow and neurotransmitter systems. PET is based on a positron decay of
radionuclides that are used to label compounds of special biological interest

PET uses of cyclotron-produced, short half-life and positron rich radionuclides
that decay by positron emission. The emitted positrons rapidly lose their kinetic
energy in tissue, and subsequently annihilate with a nearby electron. The annihilation
process results in two photons that are emitted in opposite directions, both carrying
energy of 511 keV. The photons emitted are recorded in coincidence detection by a
PET scanner containing an imaging ring of radiation detectors (Figure 8). The line
between the two detectors is called the line of response (LOR), and during a PET
scan, data from numerous LORs at different angles are collected. The number of
counts measured by a detector is proportional to the radioactivity along the LOR.
The raw data, consisting of coincidence events of all angles, is represented as
sinogram, which is ultimately reconstructed into cross-sectional images. The PET
data can be collected as dynamic or static sequence. The dynamic time frames
provide information about the changes in tissue activity concentration over time
course, and enables modelling and calculations of the rates of radiotracer
transportation between blood and tissue compartments. Static data acquisition
comprises of a single frame, scanned usually later after tracer injection, and can be
used when the radiotracer concentration in circulation and tissues are expected to be
more stable [Cherry & Dahlbom, 2006; Turkington, 2001].
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Figure 8 A schematic illustration of positron-electron annihilation producing two 511 keV photons
leaving in opposite directions, and detection of the coincidence event by the PET
scanner. Modified from van der Veld et al., 2013.

While the quality of images is degraded by such factors as dead time (missing
photon detection due to increased rate of photons hitting a detector), decay (the decay
of the radionuclide after radioligand injection, and the decrease of radioactivity
during the PET scan) and photon attenuation (the loss of detection of coincidence
due to photon absorption in the body), they should be corrected before or during
image reconstruction. Correction for decay and dead time can be done automatically,
while the attenuation correction is performed by modelling using low-dose CT
images acquired before the start of PET scans. [Cherry & Dahlbom, 2006;
Turkington, 2001].

4.2.2 Radiochemistry

Radionuclides were produced in the cyclotrons of Abo Akademi University and
Turku PET Centre, and radiotracers were synthesized in the Radiopharmaceutical
Chemistry Laboratory of the Turku PET Centre.

["®F]FDG was used to quantify tissue glucose uptake in Studies I-III. [*F]FDG
is a glucose analogue, with a hydroxyl group at the C-2- position in the glucose
molecule substituted by a fluorine-18 (halflife 109.8 min) radionuclide. ['"*F]FDG is
widely use in the determination of regional glucose utilization by tissues and organs.
As glucose, ["*F]FDG enters the cell via GLUT transporters, and then either rapidly
undergoes a phosphorylation by hexokinase into ['*F]JFDG-6-phosphate (['*F]FDG-
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6-P) [Bessell et al., 1972] or is transported back to circulation. Further metabolites
such as 2-['*F]-fluoro-2-deoxy-6-phosphogluconate (['*F]JFDG-6-PG1) and 2-['F]-
Fluoro-2-deoxy-6-phospho-d-gluconolactone (['*F]JFDG-6-PGL) appears later, 90
min after ["*F]FDG injection with extent varying from tissue to tissue. Likewise,
these metabolites accumulate inside the cell [Bender et al., 2001]. Because of the
fluorine-18 substituting the hydroxyl group in the C-2 position, the ["*F]FDG-6-P
does not enter the glycolytic pathway [Horton et al., 1973] nor glycogen synthesis
[Bender et al., 2001], and is not transported back to blood. Because of low expression
of glucose-6P-phosphatase in other tissues than liver and kidney [van Schaftingen &
Gerin, 2002], dephosphorylation of ['"*F]JFDG-6-P is limited, and the ['*F]FDG-6-P
gets trapped in inside the cell until the positron decay of fluorine-18. This forms the
basis of the measurement of the glucose consumption of a tissue by modelling
['®F]FDG uptake with PET data [Phelps et al., 1979]. Comparing hyperinsulinemic-
euglycemic clamp with ["8F]JFDG PET study, tissue-specific GU rates can be
assessed in vivo [Nuutila et al., 1992]. ['"®F]FDG was produced using FASTlab
synthesis platform (GE Healthcare) according to a modified method of Hamacher et
al [Hamacher et al., 1986] and Lemaire et al [Lemaire et al., 2002]. Radiochemical
purity was > 98%.

['F]FMPEP-d, was used to measure tissue CBIR availability in studies I and
III. ['®F]FMPEP-d; is an inverse agonist of CBIRs, and has high affinity and
selectivity for CBIRs [Donohue et al., 2008]. ["* FJFMPEP-d- passes the BBB, and
demonstrates high uptake in brain making it suitable for the measurement of brain
CBI1R availability [Hirvonen, 2015; Terry, Hirvonen, Liow, Zoghbi, et al., 2010]. In
a dosimetry study, of the peripheral organs that were visually identified from the
PET images, the uptake of ['* FJFMPEP-d> was highest in the liver, followed by the
lungs, small intestine, kidneys, heart and spleen, gallbladder, lumbar vertebrae and
urinary bladder. While ["*F]JFMPEP-d, is excreted in urine and bile, it is not
applicable for the measurement of CB1R availability in the liver, intestine or urinary
bladder [Terry, Hirvonen, Liow, Seneca, et al., 2010]. Binding of ['* F[FMPEP-d; to
CBIRs in BAT but not in WAT was detected in rats [O. Eriksson et al., 2015]. In
humans, CB1R availability in BAT under cold exposure was upregulated as detected
with ['®F]JFMPEP-d, PET imaging, and the binding of ['*F]FMPEP-d, in WAT, and
also in brain, was lower in subjects with obesity as compared to lean participants
[Lahesmaa et al., 2018] suggesting that ['"*FJFMPEP-d: is eligible for quantifying
the availability of peripheral CBIRs. The binding of ["*F]JFMPEP-d, d2 to it’s
receptors may depend on the level of the natural ligands endocannabinoids
competing the receptor binding [Takkinen et al., 2018]. The radiotracer was
produced as described previously [Lahdenpohja et al., 2020]. Radiochemical purity
was > 95%.
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423 PET image acquisition

The PET studies were performed at the Turku PET Centre on separate days. The
subjects were instructed to abstain from caffeine, alcohol and physical exercise on
the PET scan days and the day before each scan. All studies were done in room
temperature. During all the PET scans, the subjects were positioned in a supine
position with their heads strapped to the scan table to prevent head movement. To
obtain arterialized venous blood samples, the arm used for blood sampling was
heated with a hot water bottle. Plasma radioactivity was measured with an automatic
y-counter (Wizard 1480 3", Wallac, Turku, Finland). The subjects were clinically
monitored by physician throughout the scans.

4.2.3.1 ['®F]FDG PET scan with hyperinsulinemic—euglycemic clamp

The ["®F]FDG scans were performed with the GE Discovery (Discovery 690
PET/CT, GE Healthcare) PET camera after a 12-h overnight fast. Hyperinsulinemic—
euglycemic clamp was applied along with the PET imaging to measure whole-body
insulin sensitivity (Figure 9) [DeFronzo et al., 1979; Nuutila et al., 1992].

Subjects laid in a supine position and one cannula was inserted in an antecubital
vein for insulin and glucose infusion and for radiotracer injection, and one in the
contralateral antecubital vein for blood sampling. After collecting fasting laboratory
samples, the clamp was started. Insulin (Actrapid, Novo Nordisk A/S, Bagsvaerd,
Denmark) was administered in a primed continuous manner at the rate of 40 mU/m2
/min after first 7 min of priming with higher doses. Euglycemia, (plasma glucose
level 5.0 + 0.5 mmol/L) was maintained with a variable rate of 20% glucose infusion
based on plasma glucose measurements taken every 5 to 10 minutes. Plasma insulin
was measured at fasting and every 30 min to ascertain adequate insulin level during
the clamp, and serum FFA at fasting and every 60 min to study the suppression on
lipolysis. Whole-body insulin sensitivity, indexed by the M value was calculated as
the average of 20-min intervals between 60-160 min during steady euglycemia using
following formula:

M =GIR-UC—SC (1)

where GIR is the glucose infusion rate expressed in umol per kg of body weight or
per kg fat-free mass (kgrrm) UC is the urinary glucose excretion rate, and SC is the
space correction accounting for the changes in the glucose level in the glucose space
[DeFronzo et al., 1979].

The subjects were transferred to the PET/CT scanner. A scout CT was acquired
for attenuation correction. After reaching steady euglycemia (80 = 13 min from the
start of the insulin infusion), a single bolus of 156 + 10 MBq of ["*F]FDG was
injected intravenously and dynamic PET scanning was started with the clamp
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ongoing. Dynamic scans of thoracic region (0—40 min using 4 x 15, 6 x 20, 2 x 60,
2 x 150 and 6 x 300 s frames), upper abdomen (40-55 min; 3 x 300 s) and thighs
(55—70 min; 3 x 300 s) and static data of the neck (10 min; 1 x 600 s) and brain
(10 min; 1 x 600 s) were collected. Short low-dose CT scans were obtained before
the emission scan of every region. To measure plasma activity, arterialized venous
blood samples were taken at 4.5, 7.5, 10, 20 and 30 min from the ["*F]FDG injection,
and in the middle time points of the upper abdomen, thigh, neck and brain scans. The
amount of ['®F]FDG lost to urine was determined from a urine collected at the end
of the scan and during the scan when necessary, and measured with an isotope dose
calibrator (Model VDC-205; Comecer Netherlands, Joure, Netherlands)

['*F]-FDG injection

Myocardium SAT Skeletal muscle BAT Brain
Liver VAT

. S : "
. &’ a5 ‘% .

VW E glucose production (EGP)

| Hyperinsulinemic-euglycemic clamp

Il ~
r -
0 min 80 min 120 min 140 min 160 min 180 min

Figure 9 Clinical ['F]JFDG PET study design during hyperinsulinemic—euglycemic clamp. BAT,
brown adipose tissue; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

4232 ["®FIFMPEP-d: scan

The ["®F]FMPEP-d, scans were performed with PET/CT (GE Discovery VCT
PET/CT, GE Healthcare) after a 612 hour fast. Two cannulas were inserted in veins
of opposite forearms, one for blood sampling and one for ['*FJFMPEP-d- injection.
Before the scan, fasting blood samples were collected to measure hematocrit and
serum endocannabinoid levels. A scout CT was acquired for attenuation correction.
147-215 MBq of ["*F]JFMPEP-d, was injected as an intravenous bolus and dynamic
scans of the brain (60 min using 3 x 60 s, 5 x 180s and 7 x 360 s frames), neck
(12 min; 4 x 180 s frames), abdomen (9 min; 3 x 180 s) and a late scan of the brain
(9 min; 3 x 180 s) were conducted. Before each scanning region, CT scans were
acquired for photon attenuation and anatomical reference. Arterialized venous blood
samples to measure plasma activity were collected at 0.25, 0.5, 0.75, 1, 1.25, 1.5,
1.75, 2, 2.5, 3, 4.5, 7.5, 11, 15, 20, 25, 30, 35, 40, 45, 50 and 60 min from the
['*F]FMPEP-d, injection, and at following time points (min from the regional scan
start): neck (2 and 6 min), abdomen (4.5 min) and late brain scan (4.5 min).
Additional blood samples for ['*F]FMPEP-d, metabolite analysis were taken before
the scan and at 4.5, 11, 15, 20, 30, 45 and 60 min from the radiotracer injection, and
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at following time points (min from the regional scan start): neck (2 and 6 min),
abdomen (4.5 min) (Figure 10).

[*F]FMPEP-d, injection

Brain SAT BAT Late
IWAT brain
RWAT

0 min 60 min 100 rin

Figure 10 Clinical ['®F]FMPEP-d. PET study design. BAT, brown adipose tissue; IWAT,
intraperitoneal white adipose tissue; RWAT, retroperitoneal adipose tissue; SAT,
subcutaneous adipose tissue.

4.2.4 PET image analysis

4.2.41 Quantification of glucose uptake with ['®F]JFDG

Quantification of tissue GU with [F]FDG is commonly based on three-
compartmental model. In this model, ['*F]FDG in plasma, ["*F]FDG in extracellular
space and ['*F]FDG-6-P inside the cells are considered as compartments [Phelps et
al., 1979] (Figure 11).

Ki ks
™ [#FFDG —>| ['*F]FDG-6-P

Clissx.-':

[¥FIFDG

C:lasms Cnss ue

&

Figure 11 Three-compartment model of ['®F]JFDG kinetic modelling. K1 and k2 are rates of
['®F]FDG transportation, k3 is the rate of [18F]FDG phosphorylation, and k4 the rate of
['®F]FDG-6-P dephosphorylation. Modified from Gunn et al., 2001.

Metabolic rate of glucose (MRgiucose) can be calculated using following formula:

c K7 x k3
glucose 1 3
MRglucose - (2)

LC ky+ k3

where Cgucose 18 the average plasma glucose concentration from the ["®FJFDG
injection until the end of the PET scan, LC is a lumped constant that accounts for the
differences in transport and phosphorylation rates between ['*F]FDG and glucose of
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the studied tissue, K * is the rate of ["*)F]JFDG membrane transport forward, k,* is
the rate of ['®F]JFDG membrane transport backward, and ks;* is the rate constant of
["®F]FDG phosphorylation.

A direct estimation of the combination of the rate constants can be derived using
a graphical method, the Patlak plot [Patlak & Blasberg, 1985], that combines the rate
of constants (K;*, ko*, ks*) as the net uptake rate (K;) for ['®*F]FDG for the further
calculation of MRgiycose:

Ki x k3
t k3+ k;
MR _ Cglucose K* 4
glucose — LC X Iy ( )

The principle of the Patlak plot is that the accumulation of radiotracer in the
irreversible compartment in relation to the radiotracer that has been available in
plasma reflects the net uptake rate of the radiotracer in the tissue. This takes place
when the concentration of the radiotracer in the reversible tissue compartments and
in plasma are in dynamic equilibrium. This happens after the early sharp rise in
plasma concentration when the radiotracer concentration in reversible tissue
compartments start to follow that in plasma. The Patlak plot is useful in other
tissues than in brain, where the endothelial wall is very permeable for glucose and
['"|F]FDG as compared to the BBB The following equation describes the Patlak
plot:

T
Ctissue(T) _ K fo Cplasma(t)dt
Cplasma(T) t Cplasma (T)

+ Int ®)]

where the tissue concentration of radiotracer in relation to the radiotracer
availability in plasma in certain time is calculated by multiplying the net uptake
rate (K;) by integral of plasma radiotracer concentration from injection to the
middle of the selected time frame divided by plasma concentration during the
frame and added with the intercept (Int) of the slope with the y-axis (Figure 12)
[Oikonen, 2023].
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Figure 12 The Patlak plot becomes linear when the equilibrium between the radiotracer
concentrations in the reversible compartments and plasma is achieved. The y-axis of
the plot comprises of the ratio of concentrations of radiotracer in tissue region of interest
and plasma as function of time. The x-axis is the ratio of the integral of plasma
radiotracer concentration and the plasma concentration. The slope of the plot’s linear
phase represents the tissue net uptake rate of the radiotracer. Based on Oikonen, 2023.

Concentration of ['®F]FDG in plasma is measured from blood samples collected
during the scan, and can be combined with the PET image-derived activity to form
the input function for the analysis of ["*F]FDG uptake. Conversion of tissue
["*F]FDG uptake to GU is performed multiplying the Ki with the average plasma
glucose concentration from ["*F]FDG injection to the end of the scanned tissue and
divided by tissue density and LC as described in chapter 4.2.5.2.

The Patlak plot is suitable only for dynamic PET scans. For static scans in which
activity is measured only in one timepoint, calculation of fractional uptake rate
(FUR) of ['®F]FDG is preferred. FUR can be calculated with the following equation:

Ctissue(T)

FUR = f(;rcplasma(t)dt (6)
FUR is a simple estimate of the Patlak plot slope Ki, with the extension that
the distribution volume of ["®F]FDG is no longer important at late time after
['®F]FDG injection [Thie, 1995]. Tissue GU is obtained by multiplying FUR with
the average plasma glucose concentration and dividing by LC. FUR overestimates
the net uptake rate of the radiotracer, but at late timepoints (over 60 min after
injection) the bias is less than 5%, making FUR a suitable alternative for the Patlak

plot [Oikonen, 2021].
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4.2.4.2  Quantification of peripheral tissue glucose uptake (11, IIl)

Carimas software (version 2.9, Turku PET Centre, downloadable at
https://turkupetcentre.fi/software/) was used for PET image analyses. Tissue
['®F]FDG activity was measured by manually drawing regions of interest (ROI) or
volume of interest (VOI) to both quadriceps femoris and hamstrings muscles, right
lobe of the liver, supraclavicular BAT depots and several volumes of abdominal SAT
and VAT on the fused PET/CT images. Several ROIs and VOlIs in several slices of
images were drawn avoiding large vessels to minimize the spill over effect due to
partial volume effect and motion. In the analysis of myocardium, a segmenting tool
implemented in Carimas software was used to include the left ventricular walls and
septum in the analysis.

Input function for ['®F]FDG was determined by combining PET image derived
data from left ventricle from 0 to 4.5 min to the arterialized plasma sampling from
4.5 min to the end of the scan. Dynamic tissue time-activity curves and input
functions were then used to determine the fractional uptake (Ki) of ['"*F]FDG using
the Patlat plot or its approximation fractional uptake rate (FUR). Tissue-specific GU
was calculated using the following formula:

Ki x plasma glucose

Tissue GU = x 1000 @)

tissue density x LC

where K; (or FUR) is the fractional uptake of ['"*F]FDG (I/min), plasma glucose is
the average glucose concentration from ["*F]FDG injection to the end of the scanned
tissue (mmol/L), tissue density (kg/L) and LC is 1.2 for skeletal muscle, 1.0 for liver
and myocardium, and 1.14 for adipose tissue [Batker et al., 1997; lozzo et al., 2007,
Kelley et al., 1999; Peltoniemi et al., 2000; Virtanen et al., 2001].

4243 Quantification of brain glucose uptake (I, I1)

Automated PET image processing pipeline Magia [Karjalainen et al., 2020]
(https://github.com/tkkarjal/magia), running on MATLAB (The MathWorks, Inc.,
Natick, MA, USA), was used for preprocessing and modelling of the PET data.
['"8F]FDG PET images were first corrected for motion and then coregistered with
the MRI images. To define ROIs, Magia wuses FreeSurfer
(https://surfer.nmr.mgh.harvard.edu/). The ROI-wise kinetic modelling was based
on extraction of ROI-wise time-activity curves. Parametric images were spatially
normalized to Montreal Neurobiological Institute (MNI) space and then smoothed
using a Gaussian kernel (full width at half maximum; FWHM = 8 mm). Insulin-
stimulated BGU was quantified using FUR. To quantify the FUR values, the tissue
radioactivity values were averaged over the time frames after 40 minutes from
["®F]FDG injection (late scan). The input function for ['"*F]JFDG was obtained in the
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same manner as in peripheral tissues. The FUR estimates were converted into BGU
(umol/min/100g) with the following equation:

avg x FUR
BGU — 100 x plasmagluco'se (8)
LC x density

where avgplasma glucose 1S the average plasma glucose concentration (mmol/L) from the
time of ['8F]JFDG injection to the end of brain scan, LC is lumped constant (0.65)
[Wu et al., 2003] and density is grey matter relative density in the brain (1.04)
[Snyder et al., 1975].

4244 Measurement of endogenous glucose production (EGP) (I, 1lI)

EGP was calculated by subtracting the exogenous glucose infusion rate (GIR) from
the rate of disappearance of glucose (Rd) during the hyperinsulinemic-euglycemic
clamp using the following formula:

EGP = Ry + Vyiycose X ~22%¢ _ GIR )
Ar

GIR is corrected by a space correction [DeFronzo et al., 1979], where Vgiucose is the
estimated constant for glucose distribution volume (0.19 1/kg), Agjucose 18 the change
in glucose concentration from ['®F]FDG injection to the end of sampling (mmol/L),
Ar is the time from ["*F]FDG injection to the end of sampling (min) and GIR is the
total amount of infused glucose during the scan (mg/kg).

Glucose disappearance rate (Rd) (umol/min/kg) was calculated using the following
equation:

R, = MCREpG X AVgplasma glucose (10)
d weight

where MCRppg (ml/min) is the metabolic clearance rate of ['*F]FDG, avgpiasma glucose
is the average plasma glucose concentration (mmol/L) from the time of ['*F]FDG
injection to the end of sampling, and weight is the subject’s weight (kg).

MCR:pg was the calculated with the following formula:

dosegpg— urinerpg

MCRFDG = AUCrpe

(11)

where doserpg is the injected ["*F]FDG dose (kBq), urinerpg is the amount of
radiotracer lost to urine (umol/min/kg) during the entire scan (kBq), and AUCrpg is
the area under the curve representing ["*F]JFDG from the radiotracer injection to
infinity.
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4245 Quantification of cannabinoid receptor availability in peripheral
tissues (lII)

CBI1R availability in peripheral tissues was quantified both as FUR and volume of
distribution (V1) of the ['"8F]JFMPEP-d». Radiometabolite corrected plasma input for
image analysis was determined by correcting the plasma time-activity curve (TAC)
for the fraction of nonmetabolized radioligand measured using thin layer
chromatography and digital autoradiography as previously described elsewhere
[Lahesmaa et al., 2018].

To determine the FUR of ["*)F]FMPEP-d,, Carimas 2.9 Software was used for
the image analysis of abdominal SAT, intraperitoneal (IWAT) and retroperitoneal
white adipose tissue (RWAT), BAT and muscle. ROIs of each abdominal adipose
tissue depots were manually drawn on the fused PET/CT images to several volumes.
BAT ROIs were drawn bilaterally in supraclavicular adipose tissue depots. Only
voxels with CT Hounsfield units (HU) within the adipose tissue range -50 to -250
were included. ROIs in the skeletal muscle were drawn bilaterally in the deltoideus
muscle. Several ROIs in several slices of images for each tissue were drawn avoiding
large vessels, and the average of the ROIs was analysed. FUR in each peripheral
tissue was calculated by dividing the tissue radioactivity concentration at time X by
the AUC,.x of the radiometabolite corrected plasma TAC. Only FUR estimation was
possible in peripheral tissue, since the PET acquisition of those areas did not start
directly after radiotracer injection.

Vr (mL-cm-3) is defined as the ratio of the radioligand concentration in tissue
target region to the plasma radioligand concentration at the equilibrium state (Innis
etal., 2007). V't of each peripheral tissue was calculated by dividing the radioactivity
concentration in tissue by radiometabolite corrected plasma activity at the time
interval of the scanned tissue. The Vr and FUR of ['"®F]JFMPEP-d- in peripheral
tissues were reciprocally related indicating that the V't may be suitable for estimating
CBI1R availability also in the late PET scans.

4.2.4.6  Quantification of cannabinoid receptor availability in brain (I, 1lI)

CBI1R availability in the brain was quantified as V't in 21 bilateral ROIs involved in
emotion and food reward processing (Study I), and as ¥t in the whole brain (Study
I1I). To process the ["* FJFMPEP-d> PET data, Magia pipeline was used as described
above. The PET images were first smoothed using Gaussian kernel (FWHM = 6 mm)
to increase signal-to-noise ratio before model fitting. Then, calculated parametric
images were spatially normalized to MNI-space and further smoothed using a
Gaussian kernel (FWHM = 6 mm). In study [, V't was determined using multiple-
time graphical analysis for reversible radiotracer uptake described by Logan [Logan,
2000]. In this method, activity concentration-time curves for the tissue and plasma
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are combined to form a single Logan plot, where linearity is achieved after intercept
is effectively constant, and the slope can be estimated as V1. Image frames starting
at 36 minutes and later after the radiotracer injection were used in the modelling,
since Logan plots became linear after 36 minutes. Following equation for the Logan
plot and Vr calculation can be presented:

Jy Cror(®dt _ T ep®at

Cror(Mdt — T Croi(T) +int (12)

where Croi(T) is the activity concentration in tissue at the time T, C, is the activity
concentration in the plasma, and Int is the intercept. Detailed modelling
information is  providled at  Turku PET  Centre  webpages:
http://www.turkupetcentre.net/petanalysis/model mtga.html#logan

In study II, mean V't of the whole brain was calculated as the average of all white
and grey matter voxels within the MNI space template.

4.3 Anthropometric measurements

Height and weight of the subjects were measured at the Turku PET Centre. Weight
was measured in underwear or light hospital clothes in fasting state after urinating.
Waist circumference was measured at the midpoint between the lowest ribs and the
top of iliac crest, and hip circumference around the largest lateral extension of the
hip. Body fat percentage was assessed with an air displacement plethysmograph (the
Bod Pod system, software version 5.4.0, COSMED, Inc., Concord, CA, USA) after
at least four hours of fasting. Blood pressure was measured in sitting position from
upper arm with a digital blood pressure monitor. Two measurements in relaxed state
were done and the mean value was used.

4.4 Biochemical analysis (I-lI)

Plasma glucose during the clamp was determined in the laboratory of the Turku PET
Centre in duplicates using the glucose oxidate method (Analox GM9; Analox
Instruments, London, UK). Plasma insulin at fasting and during the clamp were
measured using an automated electrochemiluminescence immunoassay (Cobas
8000; Roche Diagnostics), serum free fatty acid (FFA) with an enzymatic
colorimetric method (NEFA-HR2, ACS-ACOD; Wako Chemicals, Neuss,
Germany; Cobas 8000 ¢502 and Cobas 800 c702 Analyzer, Roche Diagnostics),
plasma glucose at fasting and in oral glucose tolerance test (OGTT) with an
enzymatic photometry/hexokinase reaction (Cobas 8000 c 702; Roche Diagnostics)
and HbA1¢ with immunoturbidimetry (Cobas 6000 ¢ 501, Roche Diagnostics) at the
Turku University Hospital laboratory. Total plasma cholesterol and HDL and LDL
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cholesterol were measured with a direct photometric enzymatic assay (Cobas 8000
¢ 702, Roche Diagnostics) and plasma triglycerides with a photometric enzymatic
assay (GPO-PAP; Cobas 8000 c 702, Roche Diagnostics). Plasma creatinine was
measured with a photometric enzymatic assay (Cobas 8000 c 702, Roche
Diagnostics) and serum high-sensitivity C-reactive protein (hs-CRP) with
immunonefelometry (BN ProSpec System; Siemens Healthineers). Plasma alanine
aminotransferase, alkaline phosphatase and gamma-glutamyltransferase (GGT) in
fasting state were assessed using a kinetic photometry according to IFCC
recommendation (Cobas 8000 c 702, Roche Diagnostics) also at the Turku
University Hospital laboratory.

4.5 Metabololic analysis (lI, 1lI)

Metabolic biomarkers were quantified from serum samples at fasting state using
high-throughput proton NMR metabolomics (Nightingale Health Oyj, Helsinki,
Finland). The method affords simultaneous quantification of routine lipids, fatty
acids, amino acids, glycolysis related metabolites, ketone bodies, fluid balance and
inflammation markers well as lipoprotein subclass profiling with lipid
concentrations within 14 subclasses. The experimentation and applications of the
NMR metabolomics have been detailed discussed previously [Soininen et al., 2015].

4.6 Measurement of tissue masses (ll, 1ll)

The abdominal subcutaneous (SAT) and visceral (VAT) adipose tissue volumes
were analyzed from MRI images using sliceOmatic® (Tomovision, Montreal,
Quebec, Canada). A whole-body MRI was performed at 3T after a 12-hour fasting
using the MRI part of a clinical PET-MRI system (Philips Ingenuity TF PET/MR,
Philips, Amsterdam, Netherlands). The abdominal SAT compartment was defined
as the fat depot between the skin and the above the abdominal musculature. The
abdominal VAT volume was quantified from the combination of the intraperitoneal
and retroperitoneal fat compartments [Hung et al., 2014].

The femoral SAT and skeletal muscle mass were analyzed from CT images
acquired with PET/CT (GE Discovery VCT PET/CT, GE Healthcare) while
performing the ["*F]FDG -PET/CT-study, because of artefacts in the MRI images in
the femoral region. The tissue volume analysis were performed with Carimas
software. A total of 47 slices of CT-derived images covering the length of 15 cm, the
height of the scanned femoral area, in the mid-section of the thighs of both lower
limbs were used for the analysis. To define the tissue regions, attenuation threshold
value of -300 to -10 HU for adipose tissue [Martinez-Tellez et al., 2020] and -29 to
+150 HU for skeletal muscle [Aubrey et al., 2014] was used. The MRI and CT
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derived tissue volumes were converted to masses using densities of 0.9196 kg/L for
adipose tissue [Abate et al., 1994] and 1.0597 kg/L for skeletal muscle [Segal et al.,
1986]. Brain volumes were determined from MRI images and converted to mass
using a density of 1.04 kg/L [Snyder et al., 1975].

4.7 Statistical analysis

In study I, BGU quantified with ['*F]FDG and ['*F]JFMPEP-d,, V'r were compared
between groups using two-sample t-test. Full-volume data were analyzed with
nonparametric testing using SnPM13 (http://www.nisox.org/Software/SnPM13/).
P < 0.05 was considered as the cluster-defining threshold, and only clusters large
enough to be statistically significant (False Discovery rate, FDR P < 0.05) were
reported. Bayesian hierarchical modelling was applied to estimate effect of the
obesity risk factors (BMI, physical exercise and parental risk factors) to BGU, Vr
and BPnp in a ROI-level. The modelling was performed with the R package BRMS
(https://cran.r-project.org/web/packages/brms/index.html), which uses the efficient
Markov chain Monte Carlo sampling tools of RStan (https:/mc-
stan.org/users/interfaces/rstan). To improve model fit, BGU, V't and BPnp were log-
transformed. Associations between serum endocannabinoids and ["*F]JFMPEP-d, Vr
were tested in separate full-volume models. Eight endocannabinoid compounds
were analysed, so the results were confirmed with Bonferroni-corrected P value as
the cluster-defining threshold (0.05/8 = 0.00625). In all analysis, the age was
included as a covariate.

In study II, data are presented as mean = SD. Differences between groups were
studied using independent samples t-test or Wilcoxon rank-sum test as appropriate.
Categorical variables were compared with the %2 test. SPSS statistical software,
version 27 was used in statistical analysis. Associations between BGU and distinct
predictor variables were examined with a general linear model and SPM12
(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). The comparison of correlation
coefficients between the groups was performed using two-sample independent t-test.
The statistical threshold in SPM analysis was set at a cluster level and corrected with
false discovery rate (FDR) with P < 0.05. Age was controlled for in the SPM
analysis.

In study III, the statistical analyses were performed using IBM SPSS statistical
software, version 28.0. All data are presented as mean = SD. An independent samples
t-test or Wilcoxon rank-sum test were used as appropriate, to study between-groups
comparisons. Categorical variables were compared with y2 test. Correlations
between distinct variables were studied using the Pearson or Spearman correlation
tests. P < 0.05 was considered statistically significant.
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5 Results

5.1 Obesity risk associates with increased brain
glucose uptake already in early adulthood

5.1.1 Study I-1I: Increased brain glucose uptake in subjects
with high versus low obesity risk

Insulin-stimulated BGU was globally higher in subjects with high (HR) versus low
(LR) obesity risk (Figure 13).

17 e 4

Figure 13 A Statistical parametric mapping (SPM) results from two-sample t test between the HR
and the LR group. Colouring show cerebral regions with significantly higher BGU in the
high than in the low obesity risk group. Higher T values denote larger differences
between the groups. Data are thresholded at P < 0.05 and false discovery rate (FDR)
corrected at cluster level. Modified from the original publication II.

51.2 Study I: Familial obesity risk associates with increased
brain glucose uptake

When analysed the association between the three distinct obesity risk factors (BMI,
leisure time physical activity and familial obesity risk, including parental
overweight, obesity or T2D) and BGU, increased familial obesity risk had the
strongest association with increased BGU (Figure 14), while the effect of BMI was
weaker.
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Figure 14 Brain regions (as defined by FDR-corrected SPM one-sample t test) where higher
familial obesity risk score was associated with increased BGU in the whole study group.
Data are thresholded at P < 0.05 and false discovery rate (FDR) corrected at cluster
level. Modified from the original publication I.

513 Study Il: Whole-body insulin sensitivity associates
negatively with brain glucose uptake

During the clamp, plasma glucose levels were steady with no differences between
the groups (5.3 = 0.3 mmol/L in HR vs. 5.3 + 0.2 mmol/L in LR group, P = 0.5).
Steady-state insulin levels were higher (581.7 = 94.9 pmol/L in HR vs. 510.5 + 76.8
in LR pmol/L, P =0.01) and FFA suppression was smaller (0.05 + 0.03 mmol/L in
HR vs. 0.03 £ 0.01 mmol/L in LR, P =0.03) in the HR as compared to the LR group,
and these two measurements were also correlated (r =—0.41, P =0.009).
Whole-body insulin sensitivity indexed by the M value and the rate of glucose
disappearance (Rd) were lower in the HR than in the LR group (Figure 15A).
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Figure 15 Whole-body and tissue-specific glucose uptake (GU) rates. (A) Whole-body insulin
sensitivity indexed by the M value and the rate of glucose disappearance (Rd) calculated
with the fat-free mass in the low-risk (LR) and in the high-risk (HR) group. (B) GU rates
in skeletal muscle, brown adipose tissue (BAT), liver, visceral adipose tissue (VAT) and
abdominal and femoral subcutaneous adipose tissue (SAT) and (C) myocardium in the
LR and in the HR group. Bar heights represent sample means and vertical lines sample
SD. P values for comparison of LR vs HR group. Reproduced from the original
publication II.

Similarly, the HR group exhibited lower rates of GU in skeletal muscle, liver,
VAT, abdominal and femoral SAT and BAT than the LR group (Figure 15B).
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Myocardial left ventricle GU rates did not differ between the groups (Figure 15C).
Insulin-suppressed EGP (0.6 + 8.9 pmol/kgrrm/min in HR vs. 2.2 + 8.9
pmol/kgrrm/min in LR, P = 0.6) did not significantly differ between the groups. M
value and Rd correlated negatively with insulin-suppressed FFA levels, and M value
positively with Rd and negatively with EGP in both groups and in the whole dataset
(Figure 16).
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Figure 16 Association between the whole-body insulin sensitivity indexes. (A) Association
between the M value and free fatty acid (FFA) levels and (B) the rate of glucose
disappearance (Rd) and FFA levels during the hyperinsulinemic-euclycemic clamp, (C)
M value and Rd, (D) M value and endogenous glucose production (EGP). Modified from
the original publication II.

BGU correlated negatively with M value, and the association was driven by the
HR group (Figure 17A). Furthermore, BGU correlated positively with 2-h plasma
glucose level in OGTT among all study subjects and negatively with insulin
sensitivity index by Matsuda (Matsuda-ISI) in the HR group (Figure 17B-C). BGU
in the HR group correlated negatively with skeletal muscle GU and showed a trend
toward a negative correlation with BAT GU, whereas no association was found
between BGU and liver, VAT or abdominal and femoral SAT GU.
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Figure 17 Brain glucose uptake (BGU) in the high-risk (HR) and the low-risk (LR) group. (A) Brain
clusters (as defined by false discovery rate (FDR) corrected Statistical parametric
mapping (SPM) one-sample t test) for the association between BGU and M value and
the corresponding scatterplot. Higher T values denote larger differences between the
groups (B) Association between the BGU and 2-hour plasma glucose level in oral
glucose tolerance test, (C) BGU and insulin sensitivity index by Matsuda (Matsuda-1SI),
(D) BGU and skeletal muscle glucose uptake (GU) and (E) BGU and brown adipose
tissue (BAT) GU in the LR and in the HR group. Scatterplots show global cerebral GU.
Modified from the original publication II.
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Insulin-suppressed FFA correlated positively with BGU in the ROI level and the
association was driven by the HR group (Table 2).

Table 2  Associations (Pearson correlations) between the regional insulin-stimulated brain
glucose uptake rates and insulin-suppressed free fatty acid (FFA) levels. Associations
are shown separately for all study subjects, the low-risk (LR) and the high-risk (HR)
group. Significant associations are indicated by bold font. *P < 0.05, **P < 0.001.
Modified from original publication II.

ROI All LR HR

Amygdala 0.36* -0.02 0.47*
Caudate 0.36* 0.05 0.50*
Cerebellum 0.34* 0.15 0.38
Dorsal anterior cingulate 0.34* 0.06 0.43
cortex

Hippocampus 0.28* -0.004 0.40
Inferior temporal gyrus 0.33* 0.03 0.39
Insula 0.30 0.04 0.37
Medulla 0.22 -0.064 0.30
Midbrain 0.25 -0.02 0.33
Middle temporal gyrus 0.35* 0.06 0.41

Nucleus accumbens 0.34* 0.02 0.53*
Orbitofrontal cortex 0.37* 0.12 0.44
Pars opercularis 0.35* 0.07 0.41

Posterior cingulate cortex 0.43* 0.21 0.47*
Pons 0.24 -0.06 0.37
Putamen 0.32* -0.005 0.42
Rostral anterior cingulate 0.36* 0.08 0.49*
cortex

Superior frontal gyrus 0.40* 0.11 0.47*
Superior temporal gyrus 0.27 -0.0005 0.33
Temporal pole 0.32* 0.08 0.40
Thalamus 0.33* 0.18 0.37
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514 Study Il: EGP associates positively with brain glucose
uptake

Higher insulin-suppressed EGP associated with insulin-stimulated BGU in the whole
dataset. The association was driven by the HR group (Figure 18).

-0— LR

(o] -& Rl

BGU (pmol/100g/min)

5 =053
P=0.001

0 T T T T 1
<30 =20 -10 0 10 20

EGP (umol/kggp/min)

Figure 18 Brain regions (as defined by FDR-corrected SPM one-sample t test) where BGU was
associated with EGP in the whole study group. Data are thresholded at P < 0.05 and
false discovery rate (FDR) corrected at cluster level. Scatterplot shows the association
between EGP and global BGU separately for the high-risk (HR) and the low-risk (LR)
groups. Modified from the original publication II.

5.2 Obesity risk associates with lower abdominal
adipose tissue CB1 receptor availability

5.2.1 Study lll: Lower abdominal adipose tissue CB1
receptor availability in subjects with high as compared
to low obesity risk

CBIR availability was quantified with ['*FJFMPEP-d, PET in peripheral tissues
including abdominal SAT, IWAT and RWAT, BAT and muscle. CBIR
availability, determined as the Vr and FUR of ["*)F]JFMPEP-d>, of the each
abdominal adipose tissue depot was lower in the HR versus LR group. CB1R
availability of muscle was numerically lower in HR than in the LR group but did
not reach statistically significance. No difference was found in CBIR availability
of BAT between the groups (Figure 19). Tissue-wise V't and FUR values were
positively associated (r = 0.80, P <0.0001 for abdominal SAT; r=0.72, P <0.0001
for IWAT; r=0.78, P <0.0001 for RWAT; r=0.87, P<0.0001 for BAT; r=0.58,
P =0.0002 for muscle).

69



Laura Pekkarinen

A 0.04— LR B 207 p=02
2 == |R p=03 s
£ i
2
£ 003+ T 154
5 p =0.0002 = p=02
s p=0.004 p=008 £ p=0003
2 0.02 p=0004 £ 10 p=0.007
= € p=0009 =009
£ =
£ oo E 5
0 :
) &

0.00—
SAT IWAT RWAT BAT Muscle SAT IWAT  RWAT BAT Muscle Brain

Figure 19 Lower CB1R availability in abdominal SAT, IWAT and RWAT in the high-risk (HR) as
compared to the low-risk (LR) group. (A) The FUR of ['®F]FMPEP-d, in abdominal
subcutaneous (SAT), intraperitoneal (IWAT) and retroperitoneal white adipose tissue
(RWAT), brown adipose tissue (BAT) and muscle in the LR and in the HR group. (B)
['FIFMPEP-d; VT of SAT, IWAT, RWAT, BAT, muscle and the whole brain in the LR
and in the HR group. Modified from the original publication III.

522 Study lll: Lower CB1 receptor availability is associated
with decreased insulin sensitivity, higher body
adiposity, unfavourable lipid profile and inflammatory
markers

CBIR availability of each abdominal adipose tissue depot was positively associated
with abdominal adipose tissue insulin sensitivity assessed as tissue-specific GU
(Figure 20A-C and Table 3). CBIR availability of the RWAT also correlated
positively also with whole-body insulin sensitivity (M value and Rd), and the CB1R
availability of IWAT with Rd. Furthermore, CB1R availability of each abdominal
adipose tissue depot correlated negatively with serum insulin-suppressed FFA level
(Table 3).

CBIR availability of the abdominal adipose tissue correlated negatively with
body weight, BMI, total fat and abdominal adipose tissue masses (Table 3 and
Figure 20D-F) CBI1R availability of muscle correlated negatively with weight, BMI
and visceral adipose tissue mass, while CBIR availability of BAT did not correlate
with any of these measures (Table 3).
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Table 3

**P < 0.01; **P < 0.001; ****P < 0.0001.

aAssociations with the LR (n = 20) and HR (n = 16) subjects who gave an urine sample.
PAssociations with the LR (n = 20) and HR (n = 16) subjects who completed the ['®F]FDG

scan successfully.

cAssociations with the LR (n = 19) and HR (n = 16) subjects who completed the ['®F]FDG

scan successfully. Modified from original publication IlI.

Associations (Pearson correlations) between ['®F][FMPEP-d, FUR values of abdominal
subcutaneous (SAT), intraperitoneal (IWAT) and retroperitoneal white adipose tissue
(RWAT), brown adipose tissue (BAT) and muscle, and Vr of the whole brain and
anthropometric and metabolic characters, and insulin-stimulated tissue-specific glucose
uptake rates. Statistically significant associations are indicated by bold font. *P < 0.05;

FUR (ml/(min*ml)) 3

SAT IWAT RWAT BAT MUSCLE BRAIN
Age (years) -0.49** -0.42** -0.42** -0.16 -0.33* -0.24
Weight (kg) -0.49** -0.59*** 0.57*** -0.25 -0.40* -0.39*
BMI (kg/m?) -0.49** -0.57** -0.59*** -0.29 -0.40* -0.44**
Body fat (kg) -0.56*** -0.63**** -0.65"*** -0.13 -0.31 -0.36*
Body fat (%) -0.53*** -0.63**** -0.68**** -0.07 -0.25 -0.36*
Fat free mass (kg) -0.15 -0.16 -0.09 -0.32 -0.35* -0.08
Abdominal SAT -0.55*** -0.60*** -0.59*** -0.09 -0.29 -0.28
mass (kg)
VAT mass (kg) -0.50** -0.66**** -0.60**** -0.10 -0.33* -0.37*
Systolic blood -0.19 -0.34* -0.35* 0.11 -0.10 -0.50**
pressure (mmHg)
Diastolic blood -0.07 -0.23 -0.22 0.15 -0.17 -0.42**
pressure (mmHg)
HbA; (mmol/mol) -0.23 -0.37* -0.20 -0.004 0.09 -0.10
hs-CRP (mg/l) -0,32 -0.31 -0.26 -0.07 -0.17 -0.28
Fasting serum 0.078 -0.04 -0.10 0.14 -0.02 -0.25
FFA (mmol/l)
Clamp serum -0.39* -0.39* -0.38* -0.007 -0.13 -0.31
FFA (mmol/l)
M value (umol/kg/min) 0.28 -0.27 0.39* 0.17 0.19 0.38*
M value 0.16 0.14 0.24 0.17 0.16 0.35*
(umol/kgrem/min)
Rd (umol/kg/min) 0.26 0.36* 0.42* 0.14 0.20 0.23
Rd (umol/kgrrm/min) 0.15 0.20 0.28 0.14 0.18 0.24
EGP (umol/kg/min)? -0.05 0.08 0.02 0.10 0.06 -0.33
EGP (umol/kgrrm/min)? -0.12 -0.01 -0.08 0.08 0.05 -0.43*
GU (umol/100g/min)
Abdominal SAT 0.56*** 0.64**** 0.60**** 0.31 0.24 0.30
VAT 0.57** 0.67*** 0.62**** 0.37* 0.32 0.32
BAT® 0.33 0.43* 0.50** 0.03 0.34¢ 0.34*
Muscle® 0.25 0.34* 0.41* 0.18 0.21 0.20
Femoral SAT® 0.41* 0.45** 0.51** 0.03 0.11 0.34
Liver 0.15 -0.002 0.02 0.09 -0.02 -0.23
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Lower CBI1R availability of each abdominal adipose tissue depot associated with
unfavourable lipid profile including higher levels of total, non-HDL, remnant,
VLDL and LDL cholesterol, triglycerides, free cholesterol, ratio of triglycerides to
phosphoglycerides, ApoB and ApoB/ApoAl ratio. CB1R availability of IWAT and
RWAT also correlated negatively with serum fatty acid levels, including omega-6
fatty acids and linoleic acid. CB1R availability of the abdominal SAT correlated
positively with HDL cholesterol. Lower CB1R availability of the abdominal adipose
tissue associated with higher serum concentration of glycoprotein acetyls (GlycA),
a biomarker of systemic inflammation. Lower CBIR availability of muscle
associated with higher levels of total, non-HDL, remnant, VLDL and LDL
cholesterol, ApoB, ApoB/ApoAl ratio, and fatty acids. CBIR availability of BAT
did not correlate with serum metabolomics (Figure 21).

There were no significant association between peripheral tissue CBIR
availabilities and serum EC levels. Higher serum EC levels were associated with
decreased whole-body insulin sensitivity (M value and Rd) and insulin-suppressed
EGP. Higher levels of circulating AA and AEA were associated with lower M value
adjusted with fat-free mass (M valuerrm), and higher AEA concentration also with
lower M value, Rd and Rdrrm. Higher serum AG (1+2) and DEA levels were
associated with higher insulin-suppressed EGP and EGPrrm. Serum y-LEA
correlated positively with abdominal SAT GU. (Table 4).

Serum AG (1+2) level correlated positively with BMI, while no significant
correlations were found between serum EC levels and body weight or adipose tissue
masses (Table 4).

Higher circulating AG (1+2) level associated with unfavourable lipid profile and
higher serum inflammatory markers, including higher total, non-HDL, remnant,
VLDL and LDL cholesterol, triglycerides, ApoB, ApoB/apoAl ratio and fatty acids
and GlycA, whereas serum y —LEA level correlated positively with HDL cholesterol
and ApoAl (Figure 22).

Linoleic acid, a precursor for ECs was found to correlate positively 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 also with BMI
(r=0.53, P=0.001).
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Figure 21 Correlation heart map between CB1R availabilities of abdominal subcutaneous (SAT),
intraperitoneal (IWAT) and retroperitoneal white adipose tissue (RWAT), brown adipose
tissue (BAT), muscle and the whole brain with serum metabolomics across the whole
study sample size. Reproduced from the original publication III.
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Figure 22 Correlation heart 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. Reproduced from the original publication IlI.
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5.3 Obesity risk associates with central CB1
receptor availability

5.3.1 Study I: Familial obesity risk is associated with lower
brain CB1 receptor availability

CBI1R availability in brain, analysed in 21 bilateral regions involved in emotion and
food reward processing, did not statistically differ between the HR and LR group.
Higher familial obesity risk and BMI was associated with lower CB1R availability
in the brain (Figure 23). Higher serum AEA level was associated with lower CBIR
availability in ventral striatum (Figure 24), while no significant associations were
found between the other seven studied circulating ECs and brain CB1R availability.
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Figure 23 Effects of the obesity risk factors on brain CB1R availability. Posterior distributions of
the regression coefficients for exercise, family risk and body mass index (BMI) on log-
transformed volume of distribution Vr of the ["®F]JFMPEP-d, in representative regions of
interest, with age as a covariate. The colored circles represent posterior means, the
thick horizontal bars 80% posterior intervals, and the thin bars 95% posterior intervals.
The width of posterior intervals expresses the level of uncertainty of the estimate. Shown
are also the effects of the obesity risk factors on binding potential of the ['®F]Carfentanil
and brain glucose uptake quantified with the ['®F]JFDG. Amy, amygdala; Cau, caudate;
dACC, dorsal anterior cingulate cortex; Hipp, hippocampus; Ins, insula; MTemp, middle
temporal gyrus; NAcc, nucleus accubens; Put, putamen; rACC rostral anterior cingulate
cortex; Tha, thalamus. Reproduced from the original publication I.
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Figure 24 Brain regions (as defined by FDR-corrected SPM one-sample t test) where circulating
anandamide (AEA) level was associated with lowered CB1R availability in the whole
study group. Data are thresholded at P < 0.05 and false discovery rate (FDR) corrected
at cluster level. The areas marked with red indicate clusters significant with Bonferroni-
corrected cluster-defining P value (0,05/8 = 0.00625). Reproduced from the original
publication I.

5.3.2 Study IlI: Lower whole-body insulin sensitivity, higher
body adiposity and unfavourable lipid profile is
associated with lower whole-brain CB1 receptor
availability

Mean CBI1R availability in the whole-brain did not differ statistically between the
HR and the LR group (Figure 25). Lower CB1R availability of the whole brain
associated with decreased whole-body insulin sensitivity indexed by M value and
higher insulin-suppressed EGP adjusted with fat-free mass (Figure 26). Lower
CBI1R availability of the whole brain associated also with higher body weight, BMI,
total body fat mass and visceral adipose tissue mass (Table 3).

Lower CBIR availability in the whole brain was associated with unfavourable
lipid profile including higher levels of with total, non-HDL, remnant, VLDL and
LDL cholesterol, triglycerides, free cholesterol, ratio of triglycerides to
phosphoglycerides, ApoB and ApoB/ApoAl ratio (Figure 21).

Serum AG (1+2) concentration associated negatively with the whole-brain
CBIR availability (r =-0.34, P = 0.04).

Figure 25 Mean volume of distribution (V) for the ['®FIFMPEP-d; scans in the brain in the whole
study population. Modified from the original publication IlI.
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Figure 26 Association between the mean cannabinoid receptor type 1 (CB1R) availability in the
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whole-brain and insulin-suppressed hepatic endogenous glucose production (EGP) and
whole-body insulin sensitivity indexed by M value adjusted with fat-free-mass (FFM).
Pearson correlation between ['®FJFMPEP-d, V1 values of the whole-brain and (A) EGP
and (B) M value. Reproduced from the original publication IIl.



§) Discussion

6.1 Impaired brain insulin sensitivity in the pre-
obese state

The aim of this thesis was to examine brain and peripheral tissue insulin signalling
and ECS in healthy non-obese young men. We showed that altered brain insulin
action and crosstalk between periphery, as well as ECS deregulation may precede
obesity.

In Study I, we showed increased insulin-stimulated BGU in subjects with high
as compared to low obesity risk. Whole-body and peripheral tissue GU rates in turn
were lower in high versus low obesity risk subjects, and there was a negative
correlation between insulin-stimulated BGU and whole-body GU (Study II). Our
results are in line with previous published data in animals and humans with obesity
[Bahri et al., 2018; Rebelos et al., 2021; Tuulari et al., 2013]. In addition to obesity,
other insulin resistant states including impaired glucose tolerance and T2D are
associated with higher insulin-stimulated BGU when compared with healthy
populations [J. W. Eriksson et al., 2021; Hirvonen et al., 2011; Latva-Rasku et al.,
2018]. It is thus suggested that the increased BGU is a manifestation of brain insulin
resistance. Brain insulin signalling has several pivotal effects on the regulation of
body energy homeostasis at central and peripheral levels, including feeding
behaviour, energy expenditure and thermogenesis, WAT and hepatic lipid
metabolism, and whole-body insulin sensitivity via suppression of hepatic EGP and
stimulation of peripheral tissue GU. In the presence of brain insulin resistance, the
physiological brain insulin actions are attenuated or even diminished, predisposing
to increased homeostatic and hedonic food intake, further weight gain, as well as
altered lipid and glucose fluxes. Accumulating evidence suggest that overnutrition
and diet-induced hypothalamic inflammation are constitutive factors for the
development of brain insulin resistance [Kullmann, Kleinridders, et al., 2020;
Scherer et al., 2021]. Especially diet rich with SFAs associate with impaired insulin
effect in the brain [Tschritter et al., 2009]. In addition, genetic background, maternal
metabolism during pregnancy and advancing age are known to affect brain insulin
sensitivity [Heni et al., 2015]. Interestingly, in Study I, we also found an association
between higher familial obesity risk and increased insulin-simulated BGU.
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Concerning the pre-obese and otherwise healthy state of our young subjects, we
suggest our findings indicate that alterations in brain insulin signalling are relatively
early events in metabolic disturbances.

Study II revealed associations between enlarged body fat mass, particularly
accumulation of fat in abdominal but not femoral WAT depots, and increased BGU
under insulin stimulation. Whereas visceral adiposity has long been acknowledged
as a consistent indicator for metabolic diseases [Després & Lemieux, 2006], femoral
SAT seems to have a protective role [Goodpaster et al., 2005; Goss & Gower, 2012].
A previous study showed an association between brain insulin sensitivity, adiposity
and body fat distribution; hypothalamic insulin sensitivity correlated negatively with
the ratio of VAT to SAT mass [Kullmann, Valenta, et al., 2020]. It however remains
unsolved, whether the increased visceral adiposity plays a role in the pathogenesis
of brain insulin resistance or is it a consequence of impaired brain insulin action.

As a potential manifestation of dysregulated organ crosstalk, we observed
positive correlation between insulin-suppressed hepatic EGP as well as serum FFA
levels and BGU (Study II). Preclinical and clinical studies have demonstrated that
insulin action in the brain modulates both hepatic and WAT metabolism [Lewis et
al., 2021; Scherer et al., 2021]. Central insulin action has direct effect on hepatic
EGP by reducing gluconeogenic enzyme expression and indirect effects by
suppressing WAT lipolysis and thus substrate fluxes to liver [Lewis et al., 2021]. It
has been shown an association between increased insulin-stimulated BGU and
insulin-suppressed EGP in subjects with morbid obesity [Rebelos et al., 2019] and
AKT?2 gene variant [Latva-Rasku et al., 2018], but not in lean subjects. We suggest
our result to accord the view of defective organ crosstalk and reflect early metabolic
dysregulation.

6.2 Lower Abdominal adipose tissue CB1 receptor
availability associates with metabolic
dysregulation in the pre-obese state

In Study III, young healthy subjects with overweight and risk for obesity exhibited
lower abdominal adipose tissue CB1R availability as compared to subjects with low
obesity risk. Accordingly, lower CBIR availability was associated with decreased
insulin sensitivity, higher body adiposity, unfavourable lipid profile and
inflammatory markers. Accumulating evidence indicates that ECS is dysregulated in
obesity and associated metabolic disorders. It is suggested that the dysregulated ECS
might even contribute to the development of obesity, while it modulates the body
energy homeostasis at multiple sites [Gatta-Cherifi & Cota, 2016; Quarta et al.,
2011].
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ECS in WAT, and also in other tissues, has been studied mainly by assessing the
tissue EC levels and the gene expression of CB1R and the main EC metabolizing
enzymes. Higher levels of ECs in VAT has been found in both rodents and humans
with obesity [D’Eon et al., 2008; Matias et al., 2006]. Reduced EC levels in SAT
depots in obesity [Bennetzen et al., 2011; Matias et al., 2006] have been argued to
reflect the differing nature of the SAT and VAT depots [You et al., 2011]. Lower
expression of CB1R in VAT and SAT has been measured in subjects with obesity as
compared to lean subjects [Bennetzen et al., 2011; Bliiher et al., 2006; Engeli et al.,
2005; Kempfet al., 2007], and increases in the CB1R expression followed by weight
loss [Bennetzen et al., 2011]. However, there are also contradictory findings [ You et
al., 2011]. Some studies have reported obesity-related increases in CB1R as well as
FAAH expression levels in both VAT and SAT [Bensaid et al., 2003; Pagano et al.,
2007; Yan et al., 2007] or a positive correlation between the VAT CBIR expression
and VAT area or adipocyte hypertrophy [Bordicchia et al., 2010; Yan et al., 2007].
The expression of EC degrading enzymes, especially the key enzyme FAAH, are
differently affected by obesity, adipose tissue depot, and weight loss [Bennetzen et
al., 2011; Bliiher et al., 2006; Bordicchia et al., 2010; Engeli et al., 2005; Sarzani et
al., 2009; You et al., 2011]. Despite mixed results, it is generally agreed that the
biological action of activation of the ECS in WAT is to promote adipocyte
differentiation, fatty acid de novo lipogenesis, triglyceride accumulation, and to
reduce lipolysis and mitochondrial function, favouring thus white instead of beige or
brown adipocytes, and inhibition of CB1Rs reverses these actions [Silvestri & Di
Marzo, 2013]. ECS overactivity in WAT in turn is one hallmark of obesity [Quarta
et al., 2011; Simon & Cota, 2017].

Thus far, only few studies have quantified peripheral tissue CBIR availability in
humans using ['*F]JFMPEP-d, PET. Unlike measuring CB1R expression in tissue
biopsies, ['*FJFMPEP-d> PET does not display the total amount of CBIRs in the
tissue. Instead, ['*F]JFMPEP-d, binds to CB1Rs that are not occupied with their
natural ligands ECs. A previous study showed lower ['*FJFMPEP-d, binding, that is
lower availability of unoccupied CB1Rs in abdominal VAT and SAT in healthy
males with obesity (BMI: 32.9 + 4.6 kg/m?) as compared with lean (BMI: 24.9 + 1.7
kg/m?) males [Lahesmaa et al., 2018]. We observed convergent results; lower CBIR
availability in abdominal WAT depots in healthy overweight subjects with obesity
risk as compared to lean subjects with no obesity risk. This might be explained by
lower total count of CBI1Rs, increased WAT EC levels due to increased EC
biosynthesis and/or decreased degradation. Indeed, EC production and degradation
in white adipocytes appears to be negatively regulated by insulin and leptin. Insulin
and leptin resistance, as observed in overweight and prolonged consumption of HFD,
are associated with upregulated EC biosynthesis that in turn may predispose to
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further accumulation of WAT and weight gain and a cycle promoting overactive
ECS tone [Silvestri & Di Marzo, 2013].

Consistent with current understanding, the lower CB1R availability in abdominal
WAT depots in the HR subjects we found, likely reflecting dysregulated ECS tone,
correlated negatively with weight, BMI, total body fat and VAT and abdominal SAT
masses. Although the skeletal muscle CBIR availability did not reach statistical
difference between the HR and LR group, it correlated negatively with weight, BMI
and VAT mass as well. Abdominal adipose tissue and skeletal muscle CBIR
availability associated with unfavourable lipid profile. Abdominal SAT CBIR
availability correlated positively with HDL cholesterol, which may represent the
metabolic difference of distinct WAT depots. Interestingly, adipose tissue CBIR
availability correlated negatively with fatty acids, including omega-6 PUFAs and
linoleic acid. Excessive dietary linoleic acid has been implicated in the pathogenesis
of weight gain and obesity in which one presented mechanism is an increased
synthesis one ECs from linoleic acid leading to ECS overactivation [Naughton et al.,
2016]. As a further indication of metabolic disturbance, we observed a negative
correlation between WAT CBIR availabilities and GlycA, a composite biomarker
of systemic inflammation and cardiometabolic risk [Connelly et al., 2017]. In
previous studies, obesity-related ECS activation has been found to accompany WAT
inflammation [Kempf et al., 2007]. Also HFD consumption and obesity initiate
WAT inflammation manifested with secretion of inflammatory cytokines [Kawai et
al., 2021].

CBI1R availability in abdominal WAT depots correlated positively with the VAT
and SAT insulin sensitivity assessed as insulin-stimulated GU and serum insulin-
suppressed FFA levels, and the CBIR availability in intraperitoneal and
retroperitoneal WAT depots also with the whole-body insulin sensitivity. This
accords with the previous studies in which pharmacological blockade of CBIRs in
DIO mice induced correction of insulin resistance via enhanced expression of
GLUT4 and glycolytic enzymes [Jbilo et al., 2005]. Concerning the skeletal muscle,
we did not find associations between the tissue CBIR availability and insulin
sensitivity. As WAT is a metabolically highly active and insulin sensitive tissue, it
might be that the observed association between WAT ECS tone and insulin
sensitivity reflect relatively early alterations in the pathogenesis and of obesity
[Roden & Shulman, 2019].

The level of circulating ECs, especially 2-AG, are increased in obesity and
particularly with excess VAT. Although the pathological role and the origin of
circulating ECs remains unsolved, they are thought to express the overactivity of
peripheral ECS, increased synthesis and/or decreased degradation of ECs, which
might be modulated also by insulin sensitivity, genetic factors and the gender
[Silvestri & Di Marzo, 2013]. According to previous studies, it is suggested that the
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circulating level of 2-AG might apply as a biomarker of VAT rather than abdominal
SAT, whereas AEA would reflect insulin resistance in SAT. We found positive
correlation with AG (1+2) and BMI, but not WAT masses. AG (1+2) and AEA both
associated with indices of systemic (M value, Rd and EGP), but not tissue-specific
insulin sensitivity. In addition, according to previous studies, higher circulating AG
(1+2) level associated with unfavourable lipid profile as well as higher GlycA level.
Blocking CB1Rs with the inverse agonist Rimonabant showed an increase in HDL
cholesterol, decrease in triglyceride level and ApoB/ApoAl ratio, a shift towards
larger LDL particles and a decrease in C-reactive protein in subjects with obesity,
and it was suggested that the improvements would not be only secondary to weight
loss [Després et al., 2005]. In sum, our results reflect metabolic dysregulation already
in the pre-obese state.

6.3 Central CB1 receptor availability associates
with metabolic dysregulation in the pre-obese
state

In Study I, we investigated the CBI1R availability in 21 bilateral brain regions
involved in emotion and food reward based on previous studies [Hirvonen et al.,
2012; Tuominen et al., 2014; Tuulari et al., 2013]. In Study III, the CBIR availability
of the whole brain were assessed. The risk-group comparison showed no significance
difference in the brain CBIR availability in either studies. However, the familial
obesity risk, comprising of parental overweight/obesity/T2D, correlated negatively
with the brain CBIR availability in Study I. Furthermore, higher BMI (Study I and
II0), total body fat mass and VAT mass (Study III) associated with lower brain CB1R
availability.

Previous ["*F]JFMPEP-d, PET study showed lower brain, as well as abdominal
VAT and SAT CBIR availability in subjects with obesity as compared to lean
subjects [Lahesmaa et al., 2018]. Other studies have shown negative correlation with
BMI and brain CB1R availability [Ceccarini et al., 2016; Hirvonen et al., 2012].
Interestingly, the link between the lower CBIR availability and higher BMI was
observed in brain areas involved in homeostatic energy balance regulation including
the hypothalamus and brainstem. In subjects with eating disorders, such as anorexia
or bulimia nervosa, the negative correlation between the CB1R availability and BMI
has also been observed in the mesolimbic reward system [Ceccarini et al., 2016].
Subjects with anorexia nervosa have however increased overall cerebral CB1R
availability as compared to healthy subjects [Gérard et al., 2011]. Earlier
autoradiography studies have found lower CBIR availability in several
extrahypothalamic brain regions in DIO mice than in lean mice, and the CBIR
availability correlated negatively with total calorie intake and consumption of highly
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palatable food [Harrold et al., 2002]. As upregulated EC levels are measured in
several brain regions, including the hypothalamus [Higuchi et al., 2011] and
hippocampus [Massa et al., 2010] in rodent models of obesity and prolonged HFD
consumption, it is suggested that the lower cerebral CB1R availability results from
increased cerebral EC levels due to overactive ECS [Engeli, 2008]. A HFD, typically
rich in omega-6 and poor in omega-3 PUFAs, increased AEA [Berger et al., 2001]
and 2-AG [Watanabe et al., 2003] levels in animal models. When considering the
pre-obese state of our participants, our results indicate comparable effects.

Of the studied serum ECs, AEA level correlated negatively with CBIR
availability in the ventral striatum (Study I), while AG (1+2) level had negative
relationship with the CB1R availability in the whole brain (Study III). A recent study
showed likewise negative correlation between serum EC levels, including AEA and
AG (1+2), and central CB1R availability in healthy subjects with mild overweight
(BMI 25.3 + 3.7 kg/m?) [Dickens et al., 2020]. Our result confirm that ECS is
dysregulated already in the pre-obese state. Circulating EC levels might reflect the
peripheral ECS tone, or even be a causative factor of metabolic deregulation
[Silvestri & Di Marzo, 2013]. Accordingly, when studied the metabolomics,
unfavourable lipid profile and higher levels of circulating fatty acids, including
omega-6 PUFAs and linoleic acid associated with decreased brain CB1R availability
(Study III).

Whole-body insulin sensitivity (M value) correlated positively and insulin-
suppressed EGP negatively with the whole brain CB1R availability (Study III). It
has been proposed that insulin downregulates ECS, whereas in conditions of insulin
resistance, such as obesity, sustained hyperinsulinemia and hyperglycaemia results
in an increase in adipocyte size and number and hypertrophic pancreatic B-cells, and
ECS upregulation. It is suggested that this modulation of ECS by insulin might
concern other tissues as well [Matias & Di Marzo, 2007]. As insulin resistance is a
common feature of obesity, it might be that insulin resistance promotes or worsens
ECS deregulation that in turn further enhances weight gain [Matias & Di Marzo,
2007; Quarta et al., 2011]. A link between cerebral EC signalling and hepatic insulin
sensitivity was found in a study, where central CBIR activation led to impaired
insulin-induced suppression of hepatic EGP without alterations in hepatic insulin
signalling [O’Hare et al., 2011]. Furthermore, when exposed rats for three day HFD,
amodel of early insulin resistance characterized by hepatic and hypothalamic insulin
resistance [Ono et al., 2008], blocking the brain CB1Rs restored the hepatic insulin
sensitivity [O’Hare et al., 2011]. The study demonstrates that upregulated cerebral
ECS tone may induce hepatic insulin resistance. We suggest our result to be in line
with the presented preclinical data demonstrating the crosstalk between the brain and
peripheral ECS and insulin action.
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6.4 Strengths and limitations

The strength of the current study is the application of the dynamic multi-tracer PET
imaging that enables quantification of the brain and peripheral tissue metabolism and
receptor binding in vivo. Combining PET with hyperinsulinemic—euglycemic clamp,
the golden standard method for assessing whole-body insulin sensitivity, allows
simultaneous assessment of hepatic EGP. In addition to PET and clamp studies, the
characteristics of the subjects” were carefully determined using MRI and CT
imaging, as well as air displacement plethysmograph (the Bod Pod system) for
quantifying body adiposity, and blood sampling to measure several metabolic
biomarkers and circulating ECs. These comprehensive measurements allow
modelling of the brain-periphery interactions. The new whole-body PET scanner
Quadra in Turku PET Centre enables simultaneous dynamic imaging of the whole-
body, and using Quadra in further studies would allow even more precise studying
of the brain-periphery interactions.

As a limitation, our studies comprised only males. Therefore, the results may not
be directly generalized to females. There have been divergent results concerning the
effects of sex on brain glucose metabolism and insulin sensitivity [Feng et al., 2022;
Gur et al., 1995]. Also, studies applying IN insulin administration have suggested
sex-dependent differences in the effects of central insulin on appetite and body
weight, although the feeding states in those studies differed [Flint et al., 2007
Hallschmid et al., 2004, 2012; Jauch-Chara et al., 2012]. According to previous
large-scale cohort study however, insulin-stimulated BGU was not significantly
affected by sex [Rebelos et al., 2021]. According to ECS, it seems that estrogen
negatively modulates CB1R-induced changes in appetite, body temperature and
activity of POMC neurons [Kellert et al., 2009]. Furthermore, there is a bidirectional
interaction between the ECS and gonadal hormones. EC signalling in the
hypothalamus and anterior pituitary reduces the release of gonadal hormones, which
in turn, particularly estrogen, alter ECS-related protein expression and response to
ECs [Gorzalka & Dang, 2012]. Whether this interaction has an impact on feeding
behaviour or results in sex-dependent differences on ECS function apparently needs
further investigation.

The subjects in the high obesity risk group were older than the low-risk subjects.
Age is known to be a predictor of brain insulin sensitivity; cerebral insulin signalling
decreases with advancing age, as happens in the periphery as well [Kullmann et al.,
2016]. However, the effects of age were controlled in the statistical analyses
whenever possible Again, in the study consisting of subjects with wide age range
(women 23-80 and men 20—69 years), showed that although the whole-body insulin
sensitivity was the best predictor of insulin-stimulated BGU, age associated
negatively with BGU. The association was strongest in the limbic and temporal
lobes, a trend toward a negative correlation was found in the frontal and parietal
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lobes, while no correlation in occipital lobes [Rebelos et al., 2021]. In BGU analysis
in Study I and II, the age was used as a covariate with unchanged results.

Hepatic EGP values in Study II and III were mainly negative in both high and
low-risk group indicating EGP suppression under insulin stimulation. Wide range,
and also negative EGP values has been shown in previous study in subjects without
diabetes, reflecting the amount of lean body mass [Natali et al., 2000]. Similarly,
one previous study presented a progressive decline in insulin suppression of
hepatic EGP with increasing VAT mass and hepatic lipid content (HLC)
[Gastaldelli et al., 2007]. A recent study comprising of lean non-Asian Indian
subjects, showed 95% percentile of HCL to be 1.85%, lower than the previously
determined upper normal level 5.56% [Szczepaniak et al., 2005]. Although we did
not measure the HLC, we assume it under 1.85% in our subjects thus explaining
the effective suppression of EGP.

PET has a limited spatial resolution, typically 4-5 mm resulting in partial volume
effect (PVE) that limits studying very small regions, such as hypothalamus, with
PET. Motion artefact is another concern when scanning moving structures with PET
[Cherry & Dahlbom, 2006]. To limit the effect of spillover due to PVE and motion
we carefully draw several ROIs and VOlIs in several slices of images avoiding large
vessels. In ['®F]FDG analysis, the mean K; values were then extracted from each
tissue and used in the analysis.

In study I and II, we investigated CBIR binding with PET and CB1R inverse
agonist ['"*FJFMPEP-d>. As the method quantifies the amount of available CB1Rs
that are not occupied with their natural ligands, it is not possible to measure the total
amount and density of CB1Rs or their affinity. Therefore, changes in the CBIR
availability may result from alterations in EC levels, receptor density or affinity, or
mixture of them. A previous study in mice model of Alzheimer’s disease
demonstrated altered brain CB1R availability with unchanged CB1R availability
[Takkinen et al., 2018] suggesting that the altered receptor availability represent
alterations in EC levels or receptor affinity. Rodent models of obesity have detected
reduced CB1R and EC degrading enzyme gene expression in WAT accompanied
with increased circulating EC levels indicating a negative feedback loop regulation
[Engeli et al., 2005].

Importantly, as our study design is cross-sectional, we cannot ascertain the
causality of the observed effects; whether the detected metabolic differences and
receptor availabilities between the two risk groups are a cause or a consequence of
obesity risk and how do they interact.
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6.5 Clinical implications and future aspects

Obesity is a complex disease, characterized by defective interactions between the
brain and periphery, altered interorgan substrate fluxes and handling, and
deregulated neural signalling pathways. Our results show that these alterations are
already present in non-obese subjects with overweight. Concerning the obesity
epidemic, understanding the pathogenic pathways predisposing to weight gain is
essential, as it would enable launching early interventions and discovering new and
maybe more individualized therapeutic targets to treat obesity.

Previous studies from our centre and others have discussed the methods
investigating brain insulin sensitivity, and the term brain insulin resistance
[Kullmann, Kleinridders, et al., 2020; Latva-Rasku, 2020; Rebelos, 2020]. By
applying different methods distinct study groups have gained evidence of
disturbances in central insulin action in metabolic diseases, and the term brain insulin
resistance has been approved. Available imaging methods for investigating brain
insulin action in humans include ['®F]FDG PET, MEG and fMRI. Hyperinsulinemic-
euglycemic clamp enables assessing of brain glucose handling under insulin-
stimulation in relation to other tissues, while intranasal insulin administration allows
more selective evaluation of the central and peripheral effects of insulin within the
CNS. IN administered insulin spreads throughout the brain and only small proportion
is absorbed into circulation, while during the clamp, the insulin effect is systemic
[Kullmann, Kleinridders, et al., 2020]. Combining these different approaches would
allow building comprehensive understanding of brain insulin action, but this
approach is precluded by the methodological complexity and necessity of highly
trained personnel and adequate equipment.

The studies of this thesis are part of PROSPECT research project
(Clinicaltrials.gov, NCT03106688), in which we have studied the brain and whole-
body insulin sensitivity, central u-opioid (MOR) receptor, as well as CBIR
availability in brain and peripheral tissues. Radiation exposure limits the further PET
studies in the same population. However, fMRI with IN insulin administration would
provide complementary information about the effects of insulin on certain brain
regions as compared to insulin-stimulated BGU acquired with ['"*F]JFDG PET during
clamp. It would be interesting to test whether the effect of insulin in specific brain
regions’ activity is weaker in subjects with high as compared to low obesity risk, and
does the effect associate with VAT mass, as in previous study in subjects with
obesity [Kullmann et al., 2015]. Considering the better resolution of MRI than
PET/CT, the assessment of insulin action within the hypothalamus would be of
special interest, as this structure cannot be accurately delineated and quantified with
PET. Simultaneous hyperinsulinemic-euglycemic clamp would allow assessment of
potential improvements in the whole-body insulin sensitive and risk-group
differences, as well as confirm the association of central insulin action and whole-

89



Laura Pekkarinen

body insulin sensitivity that we found in Study II. Investigating the relationship
between central insulin and hepatic EGP, that we also found in Study II, with IN
insulin application would be interesting but would require exposing the subjects to
radiation when using ["FJFDG PET. Follow-up study within the ongoing
PROSPECT project will determine the change in BMI and body composition and
their relation to the baseline results in PET studies. Moreover, further studies and
effort is needed to resolve the causality between defects in brain insulin signalling
and obesity and associated metabolic diseases.

According to ECS, the next interesting step would be determining CB1R and EC
expression from tissue, particularly WAT biopsies to determine whether the lower
CBI1R availability in high as compared to low obesity risk subjects we found in Study
I, results from altered CBR1 density or EC level. For such a study, it would be
reasonable to recruit a new sample of participants, both male and female subjects
with and without obesity, perform ['* FJFMPEP-d, PET study, and obtain the tissue
biopsies at the same visit before the scan, so that the tissue CBIR and EC levels
would represent the same metabolic state. Quantifying circulating ECs would offer
a chance to compare the serum and tissue EC levels as well. Better understanding of
the contribution of WAT CB1Rs in the regulation of whole-body energy metabolism
would also profit targeting treatment of obesity. Concerning the brain CB1Rs, and
their interaction with central insulin signalling, and other neural signal networks,
requires further investigations too.
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Conclusions

The thesis aimed to investigate obesity risk factors focusing in brain and peripheral
tissue insulin sensitivity and endocannabinoid system applying PET imaging. The
main findings of the thesis were the following:

1.

Brain insulin sensitivity, quantified as insulin-simulated brain glucose
uptake, is decreased already in non-obese state, in the presence of
overweight. Decreased brain insulin sensitivity associates with decreased
whole-body and skeletal muscle insulin sensitivity, and decreased
suppression of hepatic EGP and white adipose tissue lipolysis. Familial
obesity risk, including parental overweight/obesity/T2D, associates with
decreased brain insulin sensitivity. These results add to the current
knowledge on the development of obesity, suggesting that altered brain
insulin signalling and impaired crosstalk between the brain and peripheral
organs may exist already in subjects with overweight and risk factors for
obesity.

Subjects with overweight and risk factors for developing obesity have lower
abdominal adipose tissue CB1R availability as compared to lean subjects.
The lower CBIR availability in abdominal adipose tissue depots associates
with decreased adipose tissue insulin sensitivity, enlarged body fat mass,
unfavorable lipid profile and higher inflammatory markers. Of the
circulating endocannabinoids and relates structures, the levels of
arachidonic acid, anandamide and arachidonoyl glycerol correlated
negatively with whole-body insulin sensitivity. Serum arachidonoyl glycerol
level associated also with reduced suppression of hepatic EGP, higher BMI,
unfavorable lipid profile and higher levels of systemic inflammatory
markers. These results indicate that endocannabinoid system dysregulation
in white adipose tissue may be an early manifestation of metabolic disorders,
including dyslipidemia, insulin resistance and abdominal obesity.

Lower cerebral CB1R availability associates with decreased whole-body
insulin sensitivity, decreased suppression of hepatic EGP, as well as higher
weight, BMI, enlarged visceral adipose tissue mass and unfavorable lipid
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profile. Reduced CB1R availability in cerebral pathways regulating food
intake associates with higher level of circulating anandamide, whereas
globally decreased brain CB1R availability associates with higher serum
arachidonoyl glycerol level. These findings suggest that alterations in brain
endocannabinoid signaling take place early, and may even represent the
pathological process in the development of obesity comprising of defective
crosstalk between the brain and peripheral endocannabinoid and insulin
signalling.
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BACKGROUND: Obesity is a pressing public health concern worldwide. Novel pharmacological means are urgently needed to
combat the increase of obesity and accompanying type 2 diabetes (T2D). Although fully established obesity is associated with
neuromolecular alterations and insulin resistance in the brain, potential obesity-promoting mechanisms in the central nervous
system have remained elusive. In this triple-tracer positron emission tomography study, we investigated whether brain insulin
signaling, p-opioid receptors (MORs) and cannabinoid CB; receptors (CB;Rs) are associated with risk for developing obesity.
METHODS: Subjects were 41 young non-obese males with variable obesity risk profiles. Obesity risk was assessed by subjects’
physical exercise habits, body mass index and familial risk factors, including parental obesity and T2D. Brain glucose uptake was
quantified with ['8FIFDG during hyperinsulinemic euglycemic clamp, MORs were quantified with [''Clcarfentanil and CB;Rs with
['®FIFMPEP-d..

RESULTS: Subjects with higher obesity risk had globally increased insulin-stimulated brain glucose uptake (19 high-risk subjects
versus 19 low-risk subjects), and familial obesity risk factors were associated with increased brain glucose uptake (38 subjects) but
decreased availability of MORs (41 subjects) and CB;Rs (36 subjects).

CONCLUSIONS: These results suggest that the hereditary mechanisms promoting obesity may be partly mediated via insulin,
opioid and endocannabinoid messaging systems in the brain.

International Journal of Obesity (2022) 46:400-407; https://doi.org/10.1038/541366-021-00996-y

INTRODUCTION

Prevalence of obesity has more than doubled from 1975 to date,
and in 2016, there were over 600 million obese adults globally [1].
Obesity is a major cause of mortality and morbidity worldwide
because it is accompanied with conditions such as type 2 diabetes
(T2D), cardiovascular disease and neurodegeneration [2, 3].
Epidemiological studies have indicated overweight, physical
inactivity, low socioeconomic status, parental obesity and parental
T2D to be key risk factors for future obesity [4-9]. Energy balance
regulation is a complex process controlled by both central and
peripheral neurohumoral mechanisms, and brain’s reward and
appetite circuits play a key role in maintenance of obesity [10]. Yet,
it is not known if alterations in these systems predispose to
subsequent development of obesity.

Among the peripherally produced metabolic hormones, insulin
regulates pleasure-driven feeding in mesolimbic pathways, inter-
acting with opioidergic reward systems [11]. In morbidly obese
subjects, increasing the plasma insulin concentration to supra-
physiological levels results in acceleration of central glucose
metabolism [12]. One human positron emission tomography (PET)
study with ['®FIFDG found that middle-aged subjects with
peripheral insulin resistance have blunted glucose metabolism
response to insulin also in brain, especially in appetite-controlling
regions such as ventral striatum [13]. These studies suggest that
cerebral insulin resistance is a pathophysiological trait in devel-
oped obesity, but it is unknown whether alterations in brain’s
insulin signaling could increase the risk of future weight gain in
the non-obese state.
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Table 1. The principles of familial obesity risk (Family Risk) scoring,
total score ranging from 0 to 4. Gestational diabetes (one subject) was
scored as type 2 diabetes.

Parent overweight or obesity No One parent  Both parents
0 1 2

Parent type 2 diabetes No One parent  Both parents
0 1 2

Endogenous opioids and particularly p-opioid receptor (MOR)
ligands mediate reward and are involved in the control of food
intake [14]. Opioid receptor agonists stimulate and antagonists
reduce food intake in rodents and humans [15]. PET studies have
found global MOR downregulation in morbidly obese humans,
and shown that this downregulation recovers after weight loss
following bariatric surgery [16]. However, it is not known whether
the initial MOR downregulation is caused by obesity, or whether it
reflects a vulnerable endophenotype for excessive eating and
weight gain.

In addition to opioids, endocannabinoids influence feeding
through hypothalamic and cortico-limbic circuits [17]. CB,
receptor (CB4R) is the most abundant endocannabinoid receptor
in the brain, modulating central effects of endogenous and
exogenous cannabinoids [18]. In rats, CB;-agonist administration
to nucleus accumbens shell increases food intake [19], whereas
CB4R knockout mice are immune to diet-induced obesity [20] and
have dampened sensitivity to food reward [21]. Furthermore,
central CB;R density is reduced in obese rodents [22]. Lowered
central CB4R density could thus also constitute a risk factor for
developing obesity.

In this triple-tracer PET study, we investigated whether risk
factors for obesity are associated with insulin-stimulated brain
glucose uptake (BGU) and central MOR and CB4R availability in a
sample of healthy, non-obese young males (n = 41). Obesity risk
was indexed by parental obesity and T2D and participant’s physical
exercise and actual BMI. The work was a part of PROSPECT project
which was preregistered to Clinicaltrials.gov (Neuromolecular Risk
Factors for Obesity, PROSPECT, NCT03106688). Based on prior
clinical studies on obesity, we hypothesized that higher obesity risk
would be associated with increased BGU during hyperinsulinemia
[12]. We also hypothesized that higher obesity risk would associate
with reduced MOR and CB4R availability [22, 23].

SUBJECTS AND METHODS

The study was conducted in accordance with the Declaration of Helsinki.
The Ethical Committee (EC) of the Hospital District of South-Western
Finland approved the study, and all participants signed EC-approved
written informed consent forms before data gathering.

Subjects

We recruited 43 men with low or high risk for developing obesity via
Internet discussion forums, traditional bulletin boards, university-hosted
email lists and newspaper advertisements. Clinical screening was done by
a physician (TaK or LP), and it involved medical history checkup, physical
examination, 2-h oral 75g glucose tolerance test (OGTT), urine drug-
screening and blood tests. None of the subjects had detectable levels of
11-Nor-9-carboxy-A°-tetrahydrocannabinol in their blood (a marker of
cannabis consumption).

Exclusion criteria were poor compliance with the study schedule,
smoking or use of nicotine products, abusive use of alcohol, use of illicit
drugs, any chronic disease or medication that could affect glucose
metabolism or neurotransmission, neurological or psychiatric disease,
eating disorder, any contraindication to magnetic resonance imaging
(MRI) and prior participation in PET studies or other significant exposure
to radiation. Inclusion criteria for the high-risk (HR) group were male sex,
age of 20-35 years, overweight i.e., body mass index (BMI) of 25-30 kg/
m?, leisure time physical exercise <4h/week, maternal / paternal
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overweight or obesity or maternal/paternal T2D. Inclusion criteria for
the low-risk (LR) group were male sex, age of 20-35 years, normal weight
i.e., BMI of 18.5-24.9 kg/m?, leisure time physical exercise >4 h/week, and
no maternal / paternal T2D.

Risk grouping was based on previously established risk factors for future
obesity: BMI [4], leisure time physical exercise (hours/week) [8] and familial
obesity risk (Family Risk i.e., current parental overweight / obesity and T2D;
[7, 9] Table 1). Altogether 19 men were recruited to the HR group and 24
men to the LR group. Subjects’ body fat percentage was measured with air
displacement plethysmograph (the Bod Pod system, software version 5.4.0,
COSMED, Inc., Concord, CA, USA). Sample size was determined by a priori
power analysis based on our prior neuroreceptor PET studies on obesity
[23], which suggested that a sample size of 16 + 16 would be sufficient for
establishing the predicted effects at p < 0.05 with actual power exceeding
0.95, assuming regional effect size of r=0.5.

Two LR subjects were excluded after the screening because they did not
respond to further contact attempts. The final sample (n = 41) consisted of
19 HR individuals and 22 LR individuals, who were scanned with [''C]
carfentanil and MRI. One LR subject discontinued the ['®FIFDG-PET study
before the brain scan, because the cannulas felt unpleasant. Two LR
subjects’ ['®FIFDG scan had to be discontinued before the brain scan
because of scheduling problems. A total of 19 LR and 19 HR subjects thus
completed the brain ['®FIFDG study. Due to scheduling problems and
technical issues, 36 subjects (16 HR and 20 LR individuals) completed the
["®FIFMPEP-d; scan successfully. One HR subject did not arrive to the body
composition analysis. Basic characteristics of the sample are summarized in
Table 2.

Radiochemistry

BGU was quantified with ['®FIFDG, which was produced using FASTlab
synthesis platform (GE Healthcare) according to a modified method of
Hamacher et al. [24] and Lemaire et al. [25]. Radiochemical purity
was >98%.

MOR availability was measured with radioligand [''Clcarfentanil [26],
which was synthesized using [''Clmethyl triflate, where cyclotron-
produced [''Clmethane was halogenated by gas phase reaction into
["'Clmethyl iodide [27] and converted online into [''Clmethyl triflate [28].
The [""CImethane was produced at the Accelerator Laboratory of the Abo
Akademi University, using the "N(p,a)''C nuclear reaction in a N-H,
target gas (10 % H.). [''CImethyl triflate was bubbled into a solution
containing acetone (200 ul), O-desmethyl precursor (0.3-0.4 mg,
0.79-1.05 umol) and tetrabutylammonium hydroxide (aq) (4 pl, 0.2 M) at
0°C. The reaction mixture was diluted and loaded into a solid phase
extraction cartridge (C18 Sep-Pak” Light, Waters Corp., Milford, MA) and
the cartridge was washed. Dilution and washing were done using 25%
ethanol in sterile water solution, 10 mL each step. The [''Clcarfentanil was
extracted with ethanol from the cartridge, diluted with 0.1 M phosphate
buffer solution into <10% ethanol level and finally sterile filtered (Millex
GV, 0.22 pm polyvinylidene fluoride membrane, 33 mm, Merck Millipore).
Analytical HPLC column (Phenomenex Luna’ 5um C8(2) 100A, 4.6 x
100 mm), acetonitrile (32.5%) in 50 mM H3PO4 mobile phase, 1 ml/min flow
rate, 7 min run time and detectors in series for UV absorption (210 nm) and
radioactivity were used for determination of identity, radiochemical purity
and mass concentration. Radiochemical purity of the produced [''C]
carfentanil batches was 98.5+0.3% (mean+SD). The injected [''C]
Carfentanil radioactivity was 248 + 11 MBq and molar radioactivity at time
of injection 290+ 110 MBg/nmol corresponding to an injected mass of
0.40 +0.23 pg.

CB4R availability was measured with ["®FIFMPEP-d>, which was produced
as described previously [29]. The radiochemical purity was >95% and the
molar activity >500 GBg/pumol at the end of synthesis.

Image acquisition

Subjects had a 12-h overnight fast before the ['®FIFDG scan, and fasted
6-12 h before the [''Clcarfentanil and ['®FIFMPEP-d, scans. The PET scans
were done on separate days. The subjects were advised to abstain from
physical exercise in the PET scan days and the day before. Detailed scan
protocols and hyperinsulinemic euglycemic clamp execution are described
in Supplementary Text 1. The ['®FIFDG scans were done with GE Discovery
(Discovery 690 PET/CT, GE Healthcare), and the [''Clcarfentanil and ['®F]
FMPEP-d, PET images were acquired with PET/CT (GE Discovery VCT PET/
CT, GE Healthcare). The tracer was administered in a catheter placed in
subject’s antecubital vein. Subject’s head was strapped to the scan table to
prevent excessive head movement. Computed tomography scans were
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Table 2.

Characteristics of the final sample (n =41). p value is for two-tailed independent samples t test between the two groups. 34 subjects (18

low-risk and 16 high-risk subjects) had no data points missing. The missing data are denoted and specified®<.

Age (years)

BMI (kg/m?)

Body fat (%)?

Physical exercise (hours/week)

Family Risk score (0-4)

Homeostatic Model Assessment for Insulin Resistance (HOMA-IR)°
Fasting plasma glucose (mmol/I)

2-h plasma glucose in oral glucose tolerance test (mmol/l)
Injected activity of [''Clcarfentanil (MBq)

Injected activity of ['®FIFDG (MBq)

Injected activity of ['®FIFMPEP-d, (MBq)®

Low-risk males High-risk males p value
(n=22) (n=19)
mean SD mean SD
23.0 29 27.1 43 <0.001
22.0 1.9 27.2 1.9 <0.001
16.4 5.5 29.1 7.8 <0.001
6.2 2.8 27 1.0 <0.001
0.1 0.3 14 0.9 <0.001
1.2 0.7 22 0.8 <0.001
4.9 0.5 5.5 04 <0.001
4.8 1.0 59 14 0.004
2445 10.7 2526 10.7 0.02
153.7 103 159.4 8.9 0.08
188.2 11.0 187.6 14.8 0.88

*Body fat percentage for high-risk subjects is computed with n= 18, since one high-risk subject didn’t complete the body composition analysis.
PHOMA-IR indexes body insulin resistance and is quantified from fasting blood values with the equation: HOMA-IR = (fP-Glucose x fP-Insulin)/22.5.
“Mean and SD for the low-risk (n = 19) and high-risk subjects (n = 19) that completed the ['®FIFDG scan successfully.

9Mean and SD for the low-risk (n = 20) and high-risk subjects (n = 16) that completed the ["®FIFMPEP-d, scan successfully.

acquired before PET scans for attenuation correction. The subjects were
clinically monitored by physician throughout the scans. In the ['®FIFDG and
['®FIFMPEP-d, scans, the plasma radioactivity was measured from
arterialized blood samples in fixed time intervals using automatic y-
counter (Wizard 1480 3", Wallac, Turku, Finland). Anatomical T1-weighted
MR images (TR, 8.1 ms; TE, 3.7 ms; flip angle, 7% scan time, 263s; 1 mm?
isotropic voxels) were obtained with PET/MR (Ingenuity TF PET/MR, Philips)
for anatomical normalization and reference. Hyperinsulinemic euglycemic
clamp was applied during the ['®FIFDG scans as previously described [30].

Image processing and modeling

Automated processing tool Magia [31] (https://github.com/tkkarjal/magia) was
used to process the PET data. Processing began with motion-correction of the
PET data followed by coregistration of the PET and MR images. Magia uses
FreeSurfer (http://surfernmr.mgh.harvard.edu/) to define the regions of
interest (ROIs) as well as the reference regions (here applicable to [''C]
carfentanil data). The ROl-wise kinetic modeling was based on extraction of
ROl-wise time-activity curves. Prior to calculation of parametric images, the
["8FIFMPEP-d; and [''Clcarfentanil PET images were smoothed using Gaussian
kernel to increase signal-to-noise ratio before model fitting (FWHM =6 mm
for [mF]FMPEP—dZ, 2 mm for ["'CJcarfentanil). Parametric images were spatially
normalized to MNI-space and finally smoothed using a Gaussian kernel
(FWHM = 8 mm for ['®FIFDG, 6 mm for [''Clcarfentanil and ['®FIFMPEP-d.).
BGU-estimates (umol/min/100g) obtained from the ['®FIFDG PET data are
based on fractional uptake rate [32]. [''Clcarfentanil binding was quantified by
binding potential (BPyp), which is the ratio of specific binding to nondisplace-
able binding in the tissue [33]. Occipital cortex was used as the reference
region [34]. CB;R availability was quantified as ['®FIFMPEP-d, volume of
distribution (V) using graphical analysis (Logan) [35]. The starting point of
36 min was used, since Logan plots became linear after 36 min from injection
[35]. Detailed description about the modeling of each tracer is presented in
Supplementary Text 1.

Analysis of serum endocannabinoids

Circulating endocannabinoids might affect central CB;R availability [36].
Serum endocannabinoids and related fatty acids were analyzed from
fasting-state blood samples drawn in ['®FIFMPEP-d, scan day as described
previously [36], with slight modifications (see Supplementary Text 2 for the
full description). Serum endocannabinoid levels are shown in Supplemen-
tary Table 1.

Experimental design and statistical analysis
Primary analyses. The primary outcome variables in the analyses were
BGU measured with ['®FIFDG, [''Clcarfentanil BPyp and ['®FIFMPEP-d,
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Vr. The primary study question was whether these outcome variables differ
between the LR and HR groups. Full-volume data were analyzed with
nonparametric testing using SnPM13 (http://nisox.org/Software/SnPM13/).
We used p < 0.05 as the cluster-defining threshold, and only report clusters
large enough to be statistically significant (FWE p < 0.05). A total of 5000
permutations were used to estimate the null distribution. LR and HR
groups were compared using two-sample t-test. Age was included as a
covariate in all full-volume models, since age is known to affect at least
["'Clcarfentanil binding [37, 38] and ['®FIFDG uptake [39].

Secondary analyses. Additionally, we analyzed the associations of
individual risk factors (BMI, physical exercise and Family Risk) to the PET
outcome variables (BGU, BPyp, and Vi) in a priori ROIs with Bayesian
approach. Based on previous studies [12, 40, 41], FreeSurfer (http:/surfer.
nmr.mgh.harvard.edu/) was used to extract 21 bilateral ROIs involved in
emotion and food reward processing: amygdala, caudate, cerebellum,
dorsal anterior cingulate cortex, hippocampus, inferior temporal gyrus,
insula, medulla, midbrain, middle temporal gyrus, nucleus accumbens,
orbitofrontal cortex, pars opercularis, posterior cingulate cortex, pons,
putamen, rostral anterior cingulate cortex, superior frontal gyrus, superior
temporal gyrus, temporal pole, and thalamus. We used varying (random)
slopes and intercepts for the ROIs, and thus the results do not require
separate correction for multiple ROIs [42]. We used regularizing priors
(zero-mean normal distribution with unit-variance) for the regression
coefficients to reduce overfitting. Bayesian hierarchical modeling was done
with the R package BRMS (https://cran.r-project.org/package=brms) that
uses the efficient Markov chain Monte Carlo sampling tools of RStan
(https://mc-stan.org/users/interfaces/rstan). We fitted the models sepa-
rately for body mass index, familial obesity risk, and physical exercise. All
models also included age as a nuisance covariate. We used weakly
informative priors: For intercepts, we used the default of BRMS, ie.,
Student’s t distribution with scale 3 and 10 degrees of freedom. For
predictors, a Gaussian distribution with standard deviation of 1 was used to
provide weak regularization. The BRMS default prior half Student's t
distribution with 3 degrees of freedom was used for standard deviations of
group-level effects; BRMS automatically selects the scale parameter to
improve convergence and sampling efficiency. The BRMS default prior LKJ
(1) was used for correlations of group-level random effects. The ROI-level
models were estimated using five chains, each of which had 1000 warmup
samples and 4000 post-warmup samples, thus totaling 20000 post-
warmup samples. The sampling parameters were slightly modified to
facilitate convergence (adapt_delta=0.99; max_treedepth =20). The
sampling produced no divergent iterations and the Rhats were all 1.0,
suggesting that the chains converged successfully. Before model estima-
tion, continuous predictors were standardized to have zero mean and unit
variance, thus making the regression coefficients comparable across the
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Mean distribution of brain glucose uptake, p-opioid receptor availability and CB; receptor availability in the whole study sample.

Top: Mean brain glucose uptake (BGU) of the 38 ['®FIFDG scans (19 low-risk and 19 high-risk subjects). Middle: Mean binding potential (BPyp)
of the 41 [''Clcarfentanil scans (22 low-risk and 19 high-risk subjects). Bottom: Mean volume of distribution (V;) of the 36 ['®FIFMPEP-d, scans

(20 low-risk and 16 high-risk subjects).

predictors. All outcome variables ([''Clcarfentanil BPyp, ['®FIFMPEP-d, V¢
and BGU) were log-transformed to improve model fit [37]. Since all three
outcome variables had associations with the Family Risk score, we created
post hoc Bayesian linear regression model with age-adjusted BGU, BPyp
and V; values as the predictors of Family Risk to assess the relative effects
of the outcome variables.

In addition, serum endocannabinoids were studied in separate full
volume models of ['®FIFMPEP-d, V. Since eight distinct endocannabinoid
compounds were analyzed, we confirmed the results with Bonferroni-
corrected p value as the cluster-defining threshold (0.05/8 = 0.00625).

RESULTS

Mean distribution of BGU, MOR availability and CB4R availability
are shown in Fig. 1. Descriptive Pearson correlations of the sample
are presented in the Supplementary Fig. 1 and Supplementary
Table 2.

Risk group comparisons

HR group had increased BGU compared to the LR group in
multiple brain regions. Prominent associations were found in
frontotemporal and cingulate cortices, hypothalamus, and bilat-
erally in insula and putamen (Fig. 2). MOR or CB;R availabilities did
not have statistically significant differences between the two
groups.

Effects of distinct risk factors

Brain glucose uptake. Increase in Family Risk was associated with
globally increased in BGU (Fig. 3, all ROIs in Supplementary Fig. 2).
BMI had a moderate positive association with BGU, while
increased physical exercise associated with lower BGU (Fig. 3).
Full volume visualization of the Family Risk associations is
presented in Fig. 4.

u-opioid receptor availability. Higher Family Risk was associated
with lower BPyp in frontotemporal cortex, insula and striatum
(Figs. 3 and 4, all ROIs in Supplementary Fig. 2), while the effects of
BMI and physical exercise markedly overlapped with zero.
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Fig. 2 Obesity risk and brain glucose uptake. Brain regions where
the high-risk subjects (n = 19) had increased brain glucose uptake
(BGU) compared with the low-risk subjects (n = 19) while controlling
for age. The data are thresholded at p <0.05, FWE corrected at
cluster level. T-score from the two-sample t-test is shown in red-to-
yellow scale.

CB; receptor availability. Family Risk and BMI had negative
association with Vy (Fig. 3, all ROIs in Supplementary Fig. 2).
Anandamide (AEA) was the only endocannabinoid to exhibit
significant effects to Vr. Increase in serum AEA was associated with
lower V7 in frontal striatum (Supplementary Fig. 3).

Linear regression analysis of family risk with three tracers. Finally,
we pooled the data across the three radioligands in a reversed
analysis to test which cerebral alterations are the best predictors
of familial obesity risk. Increased BGU explained the higher Family
Risk score in every ROl The posterior distributions of Mq
carfentanil BPyp and ['®FIFMPEP-d, V4 mostly overlapped with
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Fig. 3 Effects of obesity risk factors on brain glucose uptake and neuroreceptor availability in ten representative regions of interest.

Posterior distributions of the regression coefficients for exercise, family risk and body mass index (BMI) on log-transformed bindin

potential

(BPnp) of the ['"Clcarfentanil, volume of distribution (V4) of the ['®FIFMPEP-d, and brain glucose uptake (BGU) quantified with [ SFIFDG in
representative regions of interest, age as a covariate. The colored circles represent posterior means, the thick horizontal bars 80% posterior
intervals, and the thin horizontal bars 95% posterior intervals. The width of posterior intervals illustrates the level of uncertainty of the
estimate. Abbreviations: Amy = amygdala, Cau = caudate, dACC = dorsal anterior cingulate cortex, Hipp = hippocampus, Ins = insula,
MTemp = middle temporal gyrus, NAcc = nucleus accumbens, Put = putamen, rACC = rostral anterior cingulate cortex, Tha = thalamus.

Fig. 4 Effects of familial obesity risk to central glucose uptake
and p-opioid receptor availability. a Brain regions where higher
Family Risk score associated with increased brain glucose uptake in
the 38 individuals studied with ['®FIFDG. b Brain regions where
higher Family Risk score associated with lower p-opioid receptor
availability in the 41 individuals studied with [''Clcarfentanil. The
effects of familial obesity risk we global for brain glucose uptake,
whereas the associations were most prominent in striatum and
insula for p-opioid receptors. The images show results from SnPM13
linear regression, with age and other risk factors (BMI, physical
exercise) as covariates. The data are thresholded at p <0.05, FWE
corrected at cluster level.

zero, and the directions of the associations were negative

(Supplementary Fig. 4).

DISCUSSION
Our main finding was that non-obese young males with high risk
for future obesity had increased insulin-stimulated brain glucose

SPRINGER NATURE

uptake. Furthermore, the increased familial obesity risk (i.e.,
parental obesity and T2D prevalence) was associated with lowered
p-opioid and CB; receptor density in addition to the globally
altered glucose metabolism in the brain. Brain glucose uptake had
the strongest and most consistent association with familial obesity
risk among the three examined PET variables.

Sedentary lifestyle combined to readily available high-calorie
food has been proposed to be core issue for obesity epidemic
[43], yet hereditary factors play a key role in individual obesity
risk. Multiple genes contribute to susceptibility for obesity and
T2D, and a first-degree relative with obesity raises individual’s
obesity risk two- to threefold [44]. Our results highlight that
molecular and metabolic alterations in the brain are also
associated with individual obesity risk. The present findings
complement those previously reported in middle-aged obese
subjects, suggesting that alterations in brain’s insulin signaling
and MOR and CB;R neurotransmission might contribute to
elevated risk for gaining weight.

Brain glucose uptake and obesity risk

The non-obese subjects with high risk for developing obesity
showed widespread increase in brain glucose uptake during
hyperinsulinemia—a phenomenon that has been previously
reported in morbidly obese individuals [12]. It has been suggested
that central inflammation, impaired insulin transport regulation in
the blood-brain barrier and diminished neuronal responses to
insulin might promote these changes in fully developed obesity
[12, 45, 46]. The present results show that these pathophysiolo-
gical processes are active already in non-obese subjects with risk
factors for obesity: HR group had globally increased BGU
compared to the LR group, and a familial history of obesity and
T2D were strongly linked to increased BGU. Central insulin
resistance has been proposed to underlie the pathogenesis of
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obesity and T2D [47]. Disturbances in brain insulin action and
impaired signaling between the brain and peripheral organs may
contribute to pathological energy homeostasis and weight gain.
Familial obesity risk had positive correlation with BGU extensively
in the brain, also in cingulate cortex, striatum and nucleus
accumbens that have important role in the central regulation of
food intake and reward [48]. Impaired insulin action in these brain
regions, together with altered neuroreceptor signaling, could
potentially predispose to increased food intake and weight gain.

Central p-opioid receptor downregulation as an obesity-
promoting mechanism

Parental obesity and T2D were associated with lower MOR
availability in non-obese state in multiple brain areas, including
frontal cortex, striatum, and insula. Previously MOR downregula-
tion in same brain areas has been found in patients with morbid
obesity [23] and binge eating disorder (BED) [49]. These alterations
accord with genetic studies suggesting that variability in MOR-
coding gene OPRM1 is linked with MOR function and eating
behavior. Variation in OPRM1 (SNP rs1799971, prevalence in
Finland ~19% [50]) reduces MOR availability [51] and is over-
represented in patients with BED [52]. MOR system mediates
feeding and reward [14], and prior studies have found that MOR
downregulation makes an individual more sensitive to environ-
ment's rewarding food cues [53]. Individuals with hereditary
predisposition towards downregulated MORs may thus be more
sensitive to respond to the anticipatory food cues in the
environment, leading to excess feeding [54]. Alternatively, they
might also compensate the reduced MOR availability by excessive
food intake to get sufficient reward response and incentive to halt
food intake. These proposed mechanisms could possibly lead to
vicious cycle in feeding behavior, where excessive endogenous
opioid stimulation by feeding [55] would cause further MOR
downregulation and vice versa [16].

CB, receptor availability and endogenous cannabinoids

Our results suggest that higher familial obesity risk and higher
body mass are associated with lower CB+R availability in the brain.
Our findings are in line with a prior PET study that has linked
increase in BMI to lower CB;R availability [41]. In a recent PET
study, serum endocannabinoid peptides (including AEA) had
negative relationship with central CB4R availability [36]. Our results
add support to these earlier findings: we found that serum AEA
concentration had negative relationship with CB;R in ventral
striatum already in the non-obese state. In animal studies, AEA has
been shown to stimulate food intake via activation of central
CB4Rs [56] and to amplify hedonic reward responses to sweet
taste [57]. In obese humans, serum AEA is increased and associates
with decreased CB¢R gene expression [58]. The elevated systemic
AEA concentration might thus be a pathophysiological trait
promoting CB4R downregulation, and possibly weight gain.

Limitations and future directions

First, since we studied only males, the conclusions may not be
generalizable to females. Second, there was a small age-difference
between the two risk groups. Age was however included in all
analyses as a nuisance covariate. By study design, the BMI of HR
group was higher than the BMI in LR group, since overweight in
early adulthood is a predictive factor for future obesity [4].
However, compared to BMI, familial obesity risk had generally
stronger and independent effects to the brain glucose uptake and
neuroreceptor availability (Figs. 3 and 4). Also in healthy males,
BMI in the range of 18-34 does not affect central MOR availability
[37]. Third, we did not have the information about genetic profile
of the subjects, and were therefore not able to directly assess the
genetic obesity risk. Fourth, the information about physical
exercise and parental risk factors were acquired by interview by
licensed physician with a standardized medical history checkup,
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rather than by direct measurement. Finally, as a cross-sectional
work this study cannot differentiate whether the detected cerebral
alterations are the cause or the effect of increasing obesity risk or
whether one receptor system'’s alteration would serve as the
primal cause for the detected changes in the other systems. In a
single PET scan, it is also not possible to demonstrate the exact
molecule-level mechanism for altered receptor availability [37].
Follow-up studies with assessment of eating behavior are needed
to confirm the proposed effects of these brain signaling
alterations to future weight gain.

CONCLUSIONS

Individuals with well-established risk factors for obesity have
alterations in the brain’s insulin responsivity and opioid and
endocannabinoid signaling that resemble those observed in
obesity. History of parental obesity and T2D is manifested as
altered cerebral insulin sensitivity and reduced MOR and CB;R
availability. The detected neurochemical alterations emphasize
the hereditary and centrally mediated mechanisms in obesity
development. Disturbance of these integrative food intake control
systems in the brain may potentially predispose to weight gain
and obesity.

CODE AVAILABILITY
The code for preprocessing of the PET data (Magia) is available at https://github.com/
tkkarjal/magia.
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Abstract

Objective: To investigate whether alterations in brain glucose uptake (BGU), insulin action in the brain-liver axis and
whole-body insulin sensitivity occur in young adults in pre-obese state.

Methods: Healthy males with either high risk (HR; n = 19) or low risk (LR; n =22) for developing obesity were studied
with ['8F]fluoro-p-glucose (['8F]FDG)-positron emission tomography during hyperinsulinemic-euglycemic clamp.
Obesity risk was assessed according to BMI, physical activity and parental overweight/obesity and type 2 diabetes.
Brain, skeletal muscle, brown adipose tissue (BAT), visceral adipose tissue (VAT) and abdominal and femoral s.c.
adipose tissue (SAT) glucose uptake (GU) rates were measured. Endogenous glucose production (EGP) was calculated
by subtracting the exogenous glucose infusion rate from the rate of disappearance of ['®FIFDG. BGU was analyzed
using statistical parametric mapping, and peripheral tissue activity was determined using Carimas Software imaging
processing platform.

Results: BGU was higher in the HR vs LR group and correlated inversely with whole-body insulin sensitivity (M value)
in the HR group but not in the LR group. Insulin-suppressed EGP did not differ between the groups but correlated
positively with BGU in the whole population, and the correlation was driven by the HR group. Skeletal muscle, BAT,
VAT, abdominal and femoral SAT GU were lower in the HR group as compared to the LR group. Muscle GU correlated
negatively with BGU in the HR group but not in the LR group.

Conclusion: Increased BGU, alterations in insulin action in the brain-liver axis and decreased whole-body insulin
sensitivity occur early in pre-obese state.

European Journal of
Endocrinology
(2022) 187, 917-928

Introduction

Obesity is one of the leading health challenges of the
21st century, resulting in myriad health problems (1).
Insulin resistance is a key characteristic of type 2 diabetes
(T2D), and alterations in insulin sensitivity may occur
even decades before the clinical onset of T2D (2). Obesity
is associated with multiorgan insulin resistance (3, 4),
impaired suppression of endogenous glucose production

(EGP) (5) and adipose tissue lipolysis defined as elevated
free fatty acid (FFA) levels (6).

We have previously shown that obese had in spite of
their peripheral insulin resistance an increased brain glucose
uptake (BGU) during hyperinsulinemic-euglycemic clamp
(7), and this finding has been replicated in both humans
and animals (8, 9). Large-scale cohort data confirmed that
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lower peripheral insulin sensitivity is the best predictor of
increased BGU duringinsulin stimulation, and T2D elevates
BGU further (10). In line with that, Eriksson and colleagues
demonstrated that BGU during insulin clamp was increased
in patients with T2D, while the whole-body and peripheral
tissue glucose uptake (GU) rates were reduced (11).

Most prior studies evaluating the impact of insulin
resistance on BGU have studied middle-aged, obese
(BMI > 30 kg/m?) or severely obese (BMI > 35 kg/m?)
individuals, with or without T2D (7, 11, 12). These studies
cannot reveal the causality of the increased BGU and
insulin sensitivity. It is thus not known whether altered
BGU is a consequence of obesity-related metabolic
disturbances or whether it can actually represent a further
aggravating factor behind these.

BGU correlates positively with EGP in obese but not
in lean individuals (5) and also in subjects with a genetic
variant associated with impaired intracellular insulin
signaling (13), suggesting that in humans, the brain is
involved in the control of EGP, but in obese subjects, the
insulin action in the brain-liver axis is aberrant. It still
remains unresolved whether this is an early characteristic
of insulin resistance.

Recently, we have shown that parental overweight and
T2D was associated with lower p-opioid receptor (MOR)
and endocannabinoid receptor 1 (CB1R) availability in the
brain in overweight but otherwise healthy young males
(14). Endogenous opioid system and CB1Rs are involved
in the control of food intake and energy homeostasis (15,
16), and previous positron emission tomography (PET)
studies have shown downregulation of MOR availability
in morbidly obese subjects and normalization after weight
loss following bariatric surgery (17). Also, the increased
familial obesity risk was associated with increased BGU,
while BMI had only a moderate association with BGU (14).
However, the association of BGU and insulin sensitivity
was not evaluated. The aim of this study is to assess with
the same study population, by comparing groups with
low vs high obesity risk (LR vs HR), whether alterations in
BGU, insulin action in the brain-liver axis and whole-body
insulin sensitivity occur already in pre-obese state with risk
factors for obesity.

Subjects and Methods

Study subjects and study design

We determined the sample size by a priori power analysis
based on earlier PET studies on obesity (18), suggesting that

Brain glucose uptake in 187:6 918
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a sample size of 16 +16 would be sufficient for establishing
the predicted effects at P < 0.05 with actual power
exceeding 0.95, assuming a regional effect size of r=0.5.
We recruited 43 healthy young males with LR (n =24) or
HR (n =19), as previously described (14). Inclusion criteria
for the LR group were male sex, age 20-35 years, BMI
18.5-24.9 kg/m?, free time physical activity 4 h or more per
week and no maternal or paternal overweight or obesity or
T2D. Inclusion criteria for the HR group were male sex, age
20-35 years, BMI 25-30 kg/m?, free time physical activity
less than 4 h per week and maternal or paternal overweight
or obesity or T2D. Overweight, physical inactivity and
parental obesity and T2D have been established as risk
factors for obesity (19, 20, 21, 22, 23, 24). Exclusion criteria
were any chronic disease or medication that would affect
glucose metabolism or neurotransmission, history of
eating disorder or psychiatric disease, use of nicotine
products or abusive use of alcohol. Two LR subjects were
excluded because they stopped corresponding. Thus, the
study population consisted of 22 LR and 19 HR subjects.
One LR subject’s thigh, neck and brain PET scans were
not completed according to his wish. Two LR subjects”
brain and one LR subject s thigh scan were not completed
because of scheduling problems.

All subjects underwent a screening consisting of
physical examination, anthropometric measurements,
fasting blood samples, a 75 g oral glucose tolerance
test (OGTT), urine drug-screening test and an inquiry
regarding medical history. Body fat mass percentage was
measured with an air displacement plethysmograph (the
Bod Pod system, software version 5.4.0, COSMED, Inc.,
Concord, CA, USA) after at least 4 h of fasting. Whole-body
magnetic resonance imaging (MRI) and PET studies were
performed at the Turku PET Centre (Turku, Finland). The
study protocol was approved by the Ethics Committee of
the Hospital District of Southwest Finland and conducted
in according with the principles of the Declaration of
Helsinki. All subjects gave written informed consent prior
to inclusion. The study is a part of PROSPECT project
registered at ClinicalTrials.gov (Neuromolecular Risk
Factors for Obesity, PROSPECT, NCT03106688).

PET study protocols

We performed the PET studies after a 12-h overnight
fast with the GE Discovery (Discovery 690 PET/CT, GE
Healthcare) PET camera with [®®F]fluoro-D-glucose (['8F]
FDG). Tracer production has been previously described
(25). Hyperinsulinemic-euglycemic clamp was applied as
previously described (26, 27) in order to measure whole-
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body insulin sensitivity (Supplementary Text 1). After
reaching steady glycemia (80 + 13 min from the start of
the insulin infusion), 156 + 10 MBq ['®F][FDG was injected
intravenously and dynamic PET scanning was started with
the clamp ongoing. Dynamic data of the thoracic region
(0-40 min using 4 x 15, 6 x 20, 2 x 60, 2 x 150 and 6 x 300 s
frames), upper abdomen (40-55 min; 3 x 300 s) and thighs
(55-70 min; 3 x 300 s) and static data of the neck (10 min;
1 x 600 s) and brain (10 min; 1 x 600 s) were collected.
Arterialized venous blood samples at 4.5, 7.5, 10, 20 and
30 min from the [®F]JFDG injection and in the middle time
points of the abdomen, thigh, neck and brain scans were
taken to measure plasma activity.

Quantification of tissue glucose uptake

PET data were corrected for dead time, decay and measured
photon attenuation before analysis. Input function was
quantified by combining image-derived arterial activity
data from the left ventricle (28, 29, 30, 31, 32, 33, 34)
from O to 4.5 min to arterialized plasma sampling taken
from 4.5 min to the end of the scan and analyzed with
an automatic y-counter (Wizard 1480 3", Wallac, Turku,
Finland). Tissue activity was determined using Carimas
Software (version 2.9, Turku PET Centre, downloadable at
https://turkupetcentre.fi/software/) and freehand drawing
regions of interest (ROI) or volume of interest (VOI) to both
quadriceps femoris and hamstrings muscles, the right lobe
of the liver, the supraclavicular brown adipose tissue (BAT)
depots and several volumes of abdominal s.c. (SAT) and
intraperitoneal visceral adipose tissue (VAT). To limit the
effect of spillover due to partial volume effect and motion,
several ROIs and VOIs in several slices of images were drawn,
avoiding large vessels. For myocardium, a segmenting tool
of Carimas Software was used to include the left ventricular
wall and septum in the analysis. Computed tomography
(CT) images were used as references for outlining the
regions.

Dynamic tissue time-activity curves and input
functions were used to determine the fractional uptake
(K) of [®FIFDG using the Patlak-Gjedde plot (35) or
its approximation fractional uptake rate (FUR) (36).
The Patlak-Gjedde plot was used in the analyses of
myocardium, liver and femoral skeletal muscle. The mean
K; values were extracted from each tissue and used in the
analysis. FUR was used in the analyses of VAT, SAT, BAT and
brain. Tissue-specific GU (pumol/kg/min) was calculated by
multiplying K; or FUR by plasma glucose concentration
during scanning and dividing by the tissue density and
a lumped constant that accounts for the differences in
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transport and phosphorylation rates between [®F]FDG and
glucose. A lumped constant value of 1.2 for skeletal muscle
(37, 38), 1.0 for liver (39) and 1.14 for adipose tissue (40) was
used. BGU was obtained using an automated processing
tool Magia (41) (https://github.com/tkkarjal/magia), as
recently described (14). Magia uses FreeSurfer (http://sur
fer.nmr.mgh.harvard.edu/) to define the ROIs.

Measurement of endogenous glucose production

EGP during the clamp was determined as previously
described (42). Briefly, EGP was calculated by subtracting
glucose infusion rate (GIR) from the rate of disappearance
of glucose (Rd) during the clamp. Detailed description
about the quantification of EGP is described in the
Supplementary Text 1.

Measurement of tissue masses

The abdominal SAT and VAT masses were analyzed
from MRI images using sliceOmatic® (Tomovision,
Montreal, Quebec, Canada). The femoral SAT and skeletal
muscle masses were analyzed from CT images. Detailed
description about the tissue mass analyses is provided in
the Supplementary Text 3.

Biochemical analysis

Detailed description about the methods of the biochemical
analysis is presented in the Supplementary Text 2.

Statistical analysis

Data are presented as mean + S.D. (or median (interquartile
range) for non-normally distributed variables). Between-
group comparisons were performed with independent
samples t-test or Wilcoxon rank-sum test as appropriate.
Categorical variables were compared with the yx? test.
Statistical analyses were performed with SPSS statistical
software, version 27. A general linear model and SPM12
(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/)
software was used to mode associations between BGU and
different predictor variables. The comparison between the
groups was performed with a two-sample independent
t-tests. The statistical threshold in statistical parametric
mapping (SPM) analysis was set at a cluster level and
corrected with false discovery rate (FDR) with P < 0.05.
Age was included as a covariate in SPM analysis as age-
related brain metabolic changes have been reported (43).
Correlations with ROI-specific BGU values and clinical and
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metabolic variables, BGU were adjusted for each subject
to the average age in the whole sample, as previously
described (44).

Results

Clinical and metabolic characteristics of the
study subjects

The HR subjects had less favorable metabolic profile as
compared to the LR subjects, comprising of higher weight,
BMI, waist-to-hip ratio (WHR), total body fat mass and
fat percentage and VAT and abdominal SAT masses. The
HR group also had higher blood pressure, worse glycemic
and lipid profile, higher values of liver enzymes, high-
sensitivity C-reactive protein and glycoprotein acetyls
(GlycA) than the LR group. There was a small difference in
terms of age between the two study groups (Table 1).

Risk group differences in the whole-body
insulin sensitivity

During the clamp, plasma glucose levels were steady at
5.3 mmol/L in both groups. The HR group had higher
steady-state insulin levels and smaller suppression of FFA
as compared to the LR group (Table 1 and Supplementary
Fig. 1, see section on supplementary materials given at
the end of this article), and these two measurements were
reciprocally related (r=-0.41, P = 0.009).

Whole-body insulin sensitivity indexed by the M value
and the whole-body Rd were significantly lower in the HR
group than in the LR group. Insulin-suppressed EGP did
not significantly differ between the groups (Table 1). In
the whole dataset, M value and Rd correlated negatively
with FFA levels during the clamp, and the correlation was
driven by the HR group. Furthermore, M value correlated
positively with Rd and negatively with EGP in both groups
and in the whole dataset. M value correlated negatively
with VAT and abdominal SAT masses (Fig. 2), while no
association was found between EGP and adipose tissue
masses.

The HR group was characterized by a multi-tissue
insulin resistance, as demonstrated by lower rates of GU
in skeletal muscle, liver, VAT, abdominal and femoral SAT
and BAT (Fig. 1B). In line with this, the M value correlated
positively with the GU rate in the skeletal muscle, BAT,
VAT and femoral SAT, and the associations were driven
by the HR group, but no association was found between
the M value and liver or abdominal SAT GU (Fig. 3 and
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Supplementary Table 2). Myocardial left ventricle GU rates
were not different between groups (Fig. 1C) and correlated
negatively with the M value (Fig. 3G and Supplementary
Table 2).

When calculated the depot-specific GU, we found a
lower rate of GU in the skeletal muscle in the HR group
than in the LR group, but higher rates of GU in the VAT and
abdominal SAT because of the fat mass expansion in the
HR group. The depot-specific GU in the femoral SAT did
not significantly differ between the groups, although the
HR subjects had higher proportion of fat in the analyzed
femoral section as compared to the LR group (Table 2).

Increased BGU in the high-risk group

At the voxel-by-voxel level, insulin-stimulated BGU was
higher in the HR group as compared to the LR group (Fig.
4A), as reported previously (14). Cross-sectionally, the M
value correlated negatively with BGU, but the correlation
was driven by the HR group (Fig. 4B and Supplementary
Table 2). Insulin-stimulated BGU correlated positively
with insulin-suppressed EGP in the whole dataset (Fig
4C), and the association was driven by the HR subjects
(Supplementary Tables 2-3).

FFA levels during the clamp correlated positively
with BGU in the ROI level in the whole dataset, and the
association was driven by the HR group (Supplementary
Table 3).

Insulin-stimulated BGU correlated positively with 2-h
plasma glucose level in OGTT among all study subjects and
negatively with Matsuda-ISI in the HR group but not in the
LR group (Fig. 4D, E).

Inter-tissue associations between the insulin
sensitivity and body composition

BGU in the HR group correlated negatively with skeletal
muscle GUand showed atrend toward anegative correlation
with BAT GU (Fig. 4F, G), whereas no correlation was found
in the LR group. In both HR and LR groups, we did not find
an association between BGU and liver, abdominal SAT,
VAT, or femoral SAT GU rates, but we did find a positive
association between BGU and myocardial left ventricle
GU (Supplementary Table 1). In the whole dataset, BGU
correlated positively with several measures of adiposity
comprising VAT and abdominal SAT masses, which were
mainly driven by the HR group (Supplementary Table 4).
WHR and total body fat percentage were positively
associated with BGU at the ROI level in the HR group. In
the LR group, there was a tendency of negative association
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Table 1 Anthropometric and metabolic characteristics of the study subjects.
Low risk (n =22) High risk (n =19)
Mean (s.n.) Range Mean (s.n.) Range P

Age (years) 23+3 20-30 27 +4 22-34 0.0005
Weight (kg) 703 +7.5 57.0-90.9 90.1+9.3 69.4-109.8 <0.0001
BMI (kg/m2) 21.9+2.0 18.5-25.1 271 +1.9 24.8-31.1 <0.0001
WHR 0.9+0.05 0.8-0.9 0.9 +0.05 0.8-1.0 0.002
Body fat mass (kg)® 11.7+£43 5.6-20.6 26.9 + 9.1 11.4-40.7 <0.0001
Body fat mass (%)? 164 +55 7.7-27.9 29.1+76 13.9-39.2 <0.0001
Fat-free mass (kg)? 59.2 + 6.6 48.0-76.5 62.8 +5.7 51.0-73.3 0.07
Total abdominal VAT (kg) 1.4+0.7 0.3-3.1 3.7+1.2 1.5-5.8 <0.0001
Total abdominal SAT (kg) 27+1.0 1.1-5.2 6.8 +24 2.9-10.4 <0.0001
Systolic blood pressure (mmHg) 123+ 11 101-145 127 £ 11 117-157 0.001
Diastolic blood pressure (mmHg) 70+ 10 51-90 74 +9 65-101 0.02
Fasting

Plasma glucose (mmol/L) 49 +0.5 3.0-5.6 55+04 4.8-6.3 <0.0001

Plasma insulin (pmol/L) 38.7+21.0 13.9-91.3 61.8 +20.8 34.7-97.2 0.0006

Plasma FFA (mmol/L) 0.3+0.1 0.1-0.5 0.3+0.1 0.1-0.7 0.3
2-h OGTT

Plasma glucose (mmol/L) 48+1.0 2.6-6.3 59+14 3.4-8.2 0.004

Plasma insulin (pmol/L) 160.7 + 140.1 20.8-694.5 328.2 +236.5 34.7-909.8 0.01
Matsuda-ISI 11.0+7.0 3.3-30.6 49+24 2.1-10.3 0.0008
HbA, . (mmol/mol) 29+2 25-35 32+3 27-38 0.004
HbA, . (%) 48+0.2 4.4-5.4 51+0.3 4.6-5.6 0.007
Total cholesterol (mmol/L) 35+0.8 1.8-5.8 4.4 +0.9 3.0-6.1 0.002
HDL cholesterol (mmol/L) 14+03 0.9-19 1.3+03 0.9-2.1 0.2
LDL cholesterol (mmol/L) 2.1+0.8 0.4-3.7 29+0.8 1.8-4.1 0.0009
Triglycerides (mmol/L) 0.7+0.3 0.3-14 1.2+0.6 0.3-2.9 0.004
ApoB (g/L) 0.6 +0.1 0.4-0.7 0.8+0.2 0.6-1.3 <0.0001
ApoAT (g/L) 1.3+0.2 1.1-1.6 1.3+0.1 1.1-1.6 0.8
ApoB/ApoA1 0.5+ 0.1 0.3-0.7 0.6 + 0.1 0.4-1.0 0.0001
ALT (U/L) 22+8 14-43 32+10 13-49 0.001
AFOS 70 £17 50-119 60 +19 35-100 0.08
GGT (U/L) 15+5 8-27 33+28 6-124 0.008
hs-CRP (mg/L) 0.5+0.5 0.1-24 1.1+1.1 0.1-4.6 0.01
GlycA (mmol/L) 0.7 +0.06 0.6-0.8 0.8 +0.06 0.7-0.9 <0.0001
Steady-state glucose (mmol/L) 53+0.2 4.6-5.9 53+03 4.8-5.6 0.5
Steady-state insulin (pmol/L) 510.5+76.8 349.6-632.0 581.7 £ 94.9 476.4-801.5 0.01
M value (pmol/kg/min) 58.0 + 14.7 30.2-86.1 38.7 +13.7 17.4-72.3 0.0001
M value (umol/kgeg,/min) 69.6 +17.3 35.2-102.3 53.0+17.1 24.1-100.7 0.004
EGP (umol/kg/min)° -3.4+6.7 -13.5t0 10.5 0.9 +6.0 -13.5t0 7.9 0.2
EGP (umol/kgegy/min)° -2.2+89 -19.2t0 13.2 -0.6 +8.9 -16.1t0 11.7 0.6
Clamp FFA (mmol/L) 0.03 +0.01 0.01-0.1 0.05+0.03 0.02-0.1 0.03

aBody fat mass (kg and %) for high-risk subjects is calculated with n =18, since one high-risk subject did not complete the body composition
measurement.

PEGP for low-risk subjects is calculated with n =21, since one low-risk subject did not feel the need to urinate.

AFQS, alkaline phosphatase; ALT, alanine transaminase; ApoB, apolipoprotein B; ApoA1, apolipoprotein A1; BMI, body mass index; EGP, endogenous
glucose production; FFA, free fatty acids; FFM, fat-free mass; GlycA, gGlycoprotein acetyls; GGT, gamma-glutamyltransferase; hs-CRP, high-sensitivity
C-reactive protein; Matsuda-ISI, insulin sensitivity index by Matsuda; OGTT, oral glucose tolerance test; SAT, s.c.. adipose tissue; VAT, visceral adipose
tissue; WHR, waist-to-hip ratio.

between WHR and BGU and no association between total
body fat percentage and BGU (Supplementary Table 4).
Inter-tissue associations between GU rates in brain and
peripheral tissues are presented in Supplementary Table 1.
Furthermore, GU rates in skeletal muscle, BAT, and
abdominal and femoral SAT, but not BGU, correlated
negatively with apolipoprotein B (ApoB), apolipoprotein
Al (ApoAl) and ApoB/ApoAl ratio, total and LDL

cholesterol, triglycerides and inflammatory marker GlycA
(Supplementary Table 2).

Discussion

Our main finding based on the risk-group comparison was
that both an increased BGU during hyperinsulinemic-
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Figure 1

Whole-body and tissue-specific glucose uptake rates. (A) Whole-body insulin sensitivity indexed by the M value and whole-body
glucose disposal rate (Rd) calculated with the fat-free mass in the low-risk (LR) and in the high-risk (HR) group. (B) Glucose uptake
rates in skeletal muscle, brown adipose tissue (BAT), liver, visceral adipose tissue (VAT) and abdominal and femoral s.c. adipose
tissue (SAT) and (C) myocardium (left ventricle) in the LR and in the HR group. Bar heights represent sample means. Vertical lines
represent sample s.o. P values for comparison of LR vs HR group.
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Figure 2

Association between the whole-body insulin sensitivity indexes and adipose tissue masses. (A) Association between the M value
and free fatty acid (FFA) levels and (B) Rd and FFA levels during the hyperinsulinemic-euclycemic clamp, (C) M value and the rate
of disappearance (Rd), (D) M value and endogenous glucose production (EGP), (E) M value and visceral adipose tissue (VAT) mass,
and (F) M value and abdominal s.c. adipose tissue (SAT) mass.
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Association between the whole-body insulin sensitivity (M value) and the tissue-specific glucose uptake rates (GU) in (A) femoral
skeletal muscle, (B) brown adipose tissue (BAT), (C) liver, (D) visceral adipose tissue (VAT), (E) abdominal s.c. adipose tissue (SAT),
(F) femoral SAT and (G) myocardium left ventricle in the low-risk (LR) and in the high-risk (HR) group.

Table 2 Tissue masses and tissue depot-specific insulin-stimulated glucose uptake (GU) rates in the low-risk (LR) and in the
high-risk (HR) group. Data presented as mean + s.p.

Tissue mass (kg) Depot-specific GU (umol/min)

LR HR p* LR HR L
Brain 1.7+0.2 1.7+ 01 0.5 258.1 + 46.2 270.2 +43.2 0.4
Femoral skeletal muscle? 5.6 +0.6 5.8+0.5 0.1 292.5+80.3 199.9 + 75.5 0.0007
VAT 1.4+07 3712 <0.0001 421 +£18.4 68.8 + 27.0 0.0006
Abdominal SAT 27+1.0 6.8+24 <0.0001 52.2+233 79.7 +34.8 0.02
Femoral SAT 21+0.7 2.8+0.8 0.01 40.0 +19.2 31.7+14.6 0.1

2Covering the 15 cm section of the mid-thigh in both groups

*P value is for two-tailed independent samples t-test for tissue mass between the two groups.

**P value is for two-tailed independent samples t-test for depot-specific GU between the two groups.

SAT, s.c. adipose tissue; VAT, visceral adipose tissue.
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in oral glucose tolerance test, (E) BGU and insulin sensitivity index by Matsuda (Matsuda-ISl), (F) BGU and skeletal muscle glucose
uptake (GU) and (G) BGU and brown adipose tissue GU in the LR group and in the HR group.
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euglycemic clamp and a defective insulin action in the
brain-liver axis are early features of insulin resistance,
being present already in healthy pre-obese subjects with
increased adiposity, in early adulthood. These results
accord with prior studies showing that during euglycemic
hyperinsulinemia BGU is increased in conditions with
systemic insulin resistance (8, 10, 11, 13). Even though
the molecular mechanisms of this phenomenon are
not known, our study demonstrates that relatively mild
alterations in metabolic regulation are sufficient for this
change to occur. Indeed, the inclusion criterion to the HR
group was obesity risk in the early adulthood.

The HR group was characterized by impaired systemic
insulin sensitivity. Compared with the LR group, they
had reduced whole-body and tissue-specific GU rates and
impaired suppression of adipose tissue lipolysis during the
clamp. EGP, however, did not significantly differ between
the groups. The HR subjects had worse metabolic profile
based on general risk factors such as blood pressure, lipid
values, OGTT, WHR and body adiposity, and coherently
there were significant associations between these and the
clamp-derived measurements (Supplementary Table 2).
Considering this and the increased insulin-stimulated BGU
found in the HR as compared to the LR group, our results are
converging with the previous findings in obese subjects (7)
and subjects with impaired glucose tolerance (8, 12).

There is long-standing debate regarding when and
where insulin resistance starts, with some researchers
proposing an important role of the brain in the regulation
of energy balance and glucose homeostasis (45). Taking
together both the enhanced BGU and the impaired insulin
actionin the brain-liver axisalready in early adulthood, our
data further contribute to the increasing understanding
that brain metabolism is linked to impairments of whole-
body homeostasis.

It is now well-established that accumulation of fat
in the femoral SAT may play a protective metabolic role
(46, 47), whereas expansion of fat mass in the abdominal
SAT and VAT is associated with metabolic abnormalities
such as insulin resistance, hyperglycemia, hypertension,
and dyslipidemia (48). In a recent study, it was shown
that subjects with strong insulin-induced suppression in
hypothalamic blood flow (measured with functional MRI)
had significantly less VAT, but there was no association
between central insulin action and SAT (49); there was
no distinction between abdominal and femoral SAT.
Interestingly, in the present dataset, insulin-stimulated
BGU correlated positively both with VAT and with
abdominal SAT mass but not with femoral SAT mass.
Further, we found that a significantly higher proportion of

Brain glucose uptake in 187:6 925

pre-obese state

whole-body glucose metabolism during hyperinsulinemia
occurs in VAT (P=0.0008) and abdominal SAT (P=0.02)
in the HR subjects as compared to the LR subjects. Despite
the correlational nature of our data which cannot explain
the basis of this differential pattern of association between
BGU and fat masses in different fat depots, this could be
attributed to the differences in endocrine function (e.g.
adipokine secretion and FFA metabolism) and neural
innervation between the various fat depots (50, 51, 52).

We have previously shown that in a group of morbidly
obese individuals studied before and 6 months after
bariatric surgery, a higher BGU at baseline predicted worse
glycemic control at 2 and 3 years of follow-up (5). Also, in
a similar group studied with a fatty acid PET tracer 14(R,S)-
['8F]fluoro-6-thia-heptadecanoic acid, enhanced brain
fatty acid uptake at baseline predicted worse glycemic
control following bariatric surgery (53). These findings
would be essentially in line with the results of a previous
intervention study (TULIP) where decreased cerebrocortical
response to insulin in magnetoencephalography (defined
by the authors as central insulin resistance) predicted a
worse adhesion to the diet intervention and less weight
loss (54). In this PROSPECT study design, we will further
assess whether the BGU at baseline will predict weight
and glycemic status at 5-year follow-up. This differs from
the bariatric surgery setting, where significant weight loss
occurs rapidly.

Strengths of the present study are the strict selection of
the study participants after a thorough evaluation of their
obesity risk factors, adiposity, and the application of PET,
which not only represents the state-of-the art method for
the assessment of glucose metabolic rates in vivo but also
enables the contemporaneous assessment of EGP. Our
study has certain limitations. First, we studied only males,
and whether the results can be extrapolated to women is
not known. In the previous large-scale study, BGU under
insulin stimulation was not significantly affected by sex
(10), and therefore it is possible that the effect we found
could be similar with women. Subjects in the HR group
were somewhat older than those in the LR group, and
age represents an important determinant of BGU in both
fasting and clamp conditions (55). To circumvent this
problem, age was used as a covariate in the BGU analyses,
and the results were unchanged. Unfortunately, one LR
subject had BMI 25.1 kg/m? and one HR subject 24.8 kg/
m? although otherwise fulfilling the group criteria. For
the consistency of the statistics, we decided not to exclude
them. EGP values in both study groups were mainly
negative, indicating EGP suppression under insulin
stimulation. A previous study showed a progressive decline
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ininsulin suppression of EGP with increasing VAT mass and
hepatic lipid content (HLC) (56). We did not measure HLC
in the this study; however, in a recent study, 95% percentile
of HLC of lean non-Asian Indian participants was shown
to be 1.85% (57), considerably lower than the previously
determined upper limit of normal HLC 5.56% (58). Thus,
it can be assumed that in the present study where the LR
subjects are lean and the HR subjects are only overweight,
not obese, it is likely that most of the subjects would have
HLC under 1.85% and have effective suppression of EGP.
Also, large variability and negative EGP values has been
shown also in previous studies (59).

In conclusion, this risk-group comparison
demonstrates that an increased BGU and a dysregulated
insulin action in the brain-liver axis occur already in the
pre-obese state in young healthy subjects, in the age range
of early adulthood and with only mild extra adiposity. This
cross-sectional study cannot resolve the causality of the
effect,andlongitudinal and intervention studies are needed
to address this. The follow-up period may potentially show
whether the enhanced BGU has an impact on metabolic
deterioration with advancing age.
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This is linked to the online version of the paper at https://doi.org/10.1530/
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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, fIuoro-[lSF]-deoxy-Z-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.

© 2023 The Authors. Obesity published by Wiley Periodicals LLC on behalf of The Obesity Society.
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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]FMPEP-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?

e 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/m?, 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]FMPEP-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 [*®F]FMPEP-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]FMPEP-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 (ROI) were manually
drawn on the fused PET/CT images to several volumes of abdominal
SAT, IWAT, and RWAT. BAT ROIs 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]JFMPEP-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. Vr 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. Vi 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 V7 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?) 22.1+20
Body fat mass (kg) 11.9+43
Body fat mass (%) 167 £5.4
Fat-free mass (kg) 59.2+6.8
Abdominal SAT mass (kg) 28+1.0
VAT mass (kg) 14+08
Systolic blood pressure (mm Hg) 124 + 12
Diastolic blood pressure (mm Hg) 76 +10
Fasting
Plasma glucose (mmol/L) 49 +05
Plasma insulin (pmol/L) 38.7+21.2
Serum FFA (mmol/L) 0.30 £ 0.11
2-Hour OGTT
Plasma glucose (mmol/L) 47+10
Plasma insulin (pmol/L) 163.7 + 144.5
HbA4 (mmol/mol) 29+2
HbA; (%) 48+£0.2
hs-CRP (mg/L) 04+03
M value (umol/kg/min) 57.0+14.2
M value (umol/kgrpnm/min) 68.8+17.3
Rd (umol/kg/min) 50.7 + 10.6
Rd (umol/kgggnm/min) 61.1+11.6
EGP (umol/kg/min)? —33+68
EGP (umol/kgggpm/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
27.3+1.9 <0.0001
284+89 <0.0001
300+ 7.9 <0.0001
63.8+5.3 0.03
7224 <0.0001
3.8+1.2 <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
6014 0.002
360.9 + 244.3 0.004
32+3 0.0008
5103 0.001
12+11 0.001
36.5+12.0 <0.0001
50.4 + 13.7 0.001
35.7 + 10.0 0.0001
50.8 + 11.0 0.01
0.6+47 0.06
14+72 0.2
0.05 +0.03 0.6
12+06 0.0001
1.9+0.6 <0.0001
2309 0.005
3309 <0.0001
12+06 0.001
21+0.7 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.

2Mean and SD for the LR (n = 20) and HR (n = 16) participants who gave a urine sample.

"Mean 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 (n = 16) p value
Cholesterol (mmol/L)
Total cholesterol 3.6 04 45+0.9 0.0008
Remnant cholesterol 1.0+0.2 14+04 0.001
VLDL cholesterol 0401 0.6+0.2 0.0009
LDL cholesterol 1.3+02 1.9+05 <0.0001
HDL cholesterol 1.3+0.2 12+02 0.1
Total esterified cholesterol 26+03 33+0.6 0.0002
Glycerides and phospholipids (mmol/L)
Total triglycerides 08+0.2 1.3+0.7 0.005
VLDL triglycerides 05+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 04+0.1 0.6 £0.2 0.005
Total cholines 23+0.2 25+04 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+01 0.7
ApoB/ApoA1l 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 05+0.2 0.1
Omega-6 fatty acids 40+03 45+0.6 0.004
PUFA 44+04 50+0.8 0.006
MUFA 22+0.3 3.0+£09 0.002
Saturated fatty acids 28+04 3711 0.004
Linoleic acid 35+0.3 4006 0.003
Docosahexaenoic acid 02+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+3.7 0.004
PUFA 467 £22 43.6+34 0.003
MUFA 234 +20 252 +18 0.01
Saturated fatty acids 299+15 31.3+23 0.04
Linoleic acid 375+18 35335 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 5404 <0.0001
Lactate 1.8+03 21+04 0.02

(Continues)
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TABLE 2 (Continued)
LR (n = 19) HR (n = 16) p value

Pyruvate 0.1+0.02 0.08 + 0.03 0.05
Citrate 0.1+001 0.06 + 0.01 0.5
Amino acids (mmol/L)
Alanine 03+0.1 03+0.1 0.1
Glutamine 0801 08+0.1 0.5
Glycine 03+0.1 0.2 +0.03 0.2
Histidine 0.1+0.01 0.08 + 0.01 0.5
Branched-chain amino acids

Isoleucine 0.1+0.02 0.1+0.01 0.5

Leucine 0.1+0.02 0.1 +0.01 0.07

Valine 0.2 £0.04 0.3 £0.03 0.4
Aromatic amino acids

Phenylalanine 0.06 +0.01 0.06 +0.01 0.2

Tyrosine 0.06 +0.01 0.07 £ 0.01 0.4
Fluid balance
Creatinine (umol/L) 76.8 +10.1 82.9+10.5 0.09
Albumin (g/L) 415+24 419+23 0.7
Inflammation (mmol/L)
GlycA 07+0.1 0.8+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 Al; 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/ApoAL 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 V4 were numerically
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lower in the HR than in the LR group but this did not reach statistical
significance. No difference was found in CB1R availability of BAT and
the whole brain between the groups (Figure 1). As the Vr and FUR of
[*8F]FMPEP-d, are both assumed to represent CB1R availability in tis-
sue, the Vr and FUR values in each tissue correlated positively with each
other (r = 0.80, p < 0.0001 for abdominal SAT; r = 0.72, p < 0.0001 for
IWAT; r =0.78, p < 0.0001 for RWAT; r = 0.87, p < 0.0001 for BAT;
r = 0.58, p = 0.0002 for muscle). Intertissue associations of CB1R avail-

A

ability are presented in Supporting Information Table S1.

(A) 0.04

m | R
= R p=03
0.03
p=0.0002
p=0.004 p=008

p=0004

['*FIFMPEP-d, FUR (ml/(min*ml))

Muscle

SAT IWAT  RWAT BAT

(©

(E)

FIGURE 1

(B

Association between CB1R availability and insulin
sensitivity

When comparing the tissue CB1R availability with tissue-specific GU
rates, we found a positive association between the two in abdominal
adipose tissue (Table 3 and Figure 2A-C). CB1R availability of IWAT
and RWAT correlated positively also with BAT, skeletal muscle, and
femoral SAT GU, and CB1R availability of SAT with femoral SAT
GU. CB1R availability of BAT correlated positively only with VAT GU.

20—

p=02

~

["*FIFMPEP-d, Volume distribution

SAT IWAT  RWAT BAT Muscle Brain

Lower CB1R availability in abdominal SAT, IWAT, and RWAT in the HR as compared with the LR group. (A) FUR of [*®F]FMPEP-
d, in abdominal SAT, IWAT, RWAT, BAT, and muscle in the LR and HR groups. (B) [*8F]FMPEP-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 [*F]FMPEP-d, of (C) one HR and (D) one LR
participant. (E) Mean Vi for the [*®F]JFMPEP-d, 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
(EGPggm; 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).

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 [*8F]FMPEP-d, FUR values of abdominal SAT, IWAT, RWAT, BAT, and muscle and V7 of the whole brain and
anthropometric and metabolic characteristics and insulin-stimulated tissue-specific glucose uptake rates

[*®FIFMPEP-d, FUR (mL/[min x mL])

SAT IWAT
Age (y) -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
HbA 1. (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/kggem/min) 0.16 0.14
Rd (umol/kg/min) 0.26 0.36*
Rd (umol/kgggn/min) 0.15 0.20
EGP (umol/kg/min)? —0.05 0.08
EGP (umol/kggem/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 -031
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*
0.41* 0.18 0.21 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; Vi, volume distribution.

2Associations 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.

****p < 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 [*8F]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-
ApoB, ApoB/ApoAl CB1R
availability of abdominal adipose tissue depots and brain correlated
negatively with GlycA. CB1R availability of BAT did not correlate
with serum metabolomics.

lesterol, ratio, and fatty acids.

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
valuegrpm, and AEA level also correlated negatively with M value, Rd,

and Rdggm. Serum AG (1 + 2) and docosatetraenoyl ethanolamide
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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 EGPggwm. 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/ApoAl 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 [*®F]FMPEP-d, V7 of the whole brain

AA AEA AG(1+2) a-LEA v-LEA DEA NALS OEA

Weight (kg) 0.04 0.23 0.26 0.16 0.14 0.09 —-0.09 —-0.06
BMI (kg/m?) 0.16 0.22 0.36* 0.07 0.03 0.10 —0.08 —0.09
Body fat mass (kg) 0.06 0.24 0.23 0.02 -0.01 0.23 —0.08 0.02
Abdominal SAT mass (kg) 0.05 0.21 0.16 0.02 —0.04 0.24 -0.14 0.04
VAT mass (kg) 0.13 0.26 0.26 —-0.02 —-0.05 0.24 —-0.06 0.09
M value (umol/kg/min) -0.31 —0.43** -0.24 -0.16 -0.13 -0.33 -0.14 —0.26
M value (umol/kgrrm/min) -0.34* —0.44** -0.23 —0.22 —0.20 -0.29 -0.18 -0.29
Rd (umol/kg/min) —0.25 —0.37* -0.12 —0.02 —0.03 -0.22 —0.10 -0.19
Rd (umol/kgggm/min) -0.24 —0.43** —-0.03 -0.11 -0.12 -0.19 —-0.06 -0.19
EGP (umol/kg/min)? 0.28 0.24 0.40* 0.29 0.25 0.35* 0.29 0.26
EGP (umol/kgggm/min)? 0.33 0.28 0.39* 0.22 0.22 0.41* 0.30 0.30
Clamp serum FFA (mmol/L) 0.03 0.02 0.02 —0.20 —0.15 0.04 —0.18 —0.10
Glucose uptake (umol/100 g/min)

Abdominal SAT 0.04 -0.10 -0.01 0.29 0.37¢ -0.17 0.28 0.10
VAT 0.02 -0.12 —0.08 0.23 0.28 -0.26 0.14 —0.04
BATP -0.14 -0.33 0.10 0.08 0.08 -0.31 —0.03 —0.10
Muscle® -0.19 -0.24 —0.06 —0.03 -0.01 -0.17 0.07 0.03
Femoral SAT® 0.00 0.01 —-0.05 0.26 0.30 —-0.05 0.22 0.22
Liver 0.23 0.01 0.23 -0.25 -0.13 —-0.05 0.11 0.03
[*8F]FMPEP-d, FUR (mL/[min x mL])

SAT 0.24 -0.11 -0.15 0.25 0.32 -0.19 0.23 0.16
IWAT 0.19 -0.12 —0.22 0.26 0.22 -0.21 0.18 0.12
RWAT 0.19 -0.19 -0.20 0.25 0.25 —0.20 0.22 0.14
BAT¢ —0.004 -0.07 —-0.02 0.08 0.15 —-0.06 -0.10 0.07
Muscle -0.01 -0.26 -0.29 0.03 0.03 -0.11 0.09 —0.05
[*8F]FMPEP-d;, V7 of the whole brain -0.28 —0.20 —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.

2Associations with the LR (n = 20) and HR (n =
bAssociations with the LR (n = 20) and HR (n =

“Associations with the LR (n = 19) and HR (n =

94Associations with the LR (n = 20) and HR (n
*p < 0.05.

**p < 0.01.

16) participants who gave a urine sample.

16) participants who completed the FDG scan successfully.

16) participants who completed the FDG scan successfully.

= 16) participants whose [*®F]FMPEP-d, image analysis was able to be conducted.

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 [*8F]FMPEP-d, 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, docosatetraenoy!

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]JFMPEP-d, PET does not reveal the total CB1R density in the tis-
sue. Instead, [*®F]FMPEP-d, binds to CB1Rs that are not occupied
with their ligands endocannabinoids. Therefore, the reduced binding
of [*8F]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 [*®F]FMPEP-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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