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Abstract 

ABSTRACT 

Minna Lahesmaa 
Endogenous Regulation of Brown Adipose Tissue in Humans 

University of Turku, Faculty of Medicine, Department of Internal Medicine, 
Doctoral Programme of Clinical Investigation, Turku PET Centre 

Annales Universitatis Turkuensis, Turku, 2018 

 

Brown adipose tissue (BAT) is a functional and metabolically active tissue found 
in humans. Instead of storing energy like white adipose tissue (WAT), BAT 
dissipates energy in the form of heat in a process called thermogenesis. Enhanced 
BAT metabolism can increase metabolic rate and help regulate systemic glucose 
and lipid levels, hence stimulating BAT could provide a potential approach for the 
treatment and prevention of obesity, type 2 diabetes and metabolic disease in 
humans. It is well known that human BAT can be activated by cold exposure, and 
BAT function is also controlled by many endogenous factors, which currently are 
poorly understood. Pre-clinical studies have provided important insights about 
BAT regulation, but human studies are also essential to translate novel findings 
into innovative treatments for improving human health and metabolism. 

The aim of this thesis was to investigate endogenous factors that regulate human 
BAT function by using positron emission tomography (PET). This work focused 
on three endogenous systems, thyroid hormones, the adenosinergic system, and 
the endocannabinoid system. 

The results showed that thyroid hormones modulate human BAT function. Patients 
with hyperthyroidism exhibit increased metabolism of BAT, which can be restored 
to a normal level after treatment of the condition. This work showed for the first 
time in humans that adenosine A2A receptors and cannabinoid type 1 receptors 
regulate the cold-induced activation of BAT. Furthermore, overweight subjects 
have blunted cold activation of BAT and impaired regulation of the 
endocannabinoid system. These endogenous mechanisms of BAT regulation 
provide potential new therapeutic targets for human BAT activation and 
management of obesity. 

Keywords: Brown adipose tissue, regulation, thyroid hormone, adenosine, 
endocannabinoid system, obesity, positron emission tomography, PET 
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Ihmisellä on elimistössään aineenvaihdunnallisesti aktiivista ruskeaa rasvaa. 
Toisin kuin energiaa varastoiva valkoinen rasva, ruskea rasva aktivoituu kylmässä 
ympäristössä ja kuluttaa energiaa lämmön muodossa. Aktiivinen ruskea rasva lisää 
perusaineenvaihduntaa ja voi parantaa elimistön sokeri- ja rasva-arvoja. Ruskean 
rasvan toimintaa voitaisiinkin hyödyntää lihavuuden ja sen oheissairauksien kuten 
tyypin 2 diabeteksen ennaltaehkäisyssä ja hoidossa. Kudoksen toiminnan 
säätelyyn osallistuvat useat tekijät, joita tunnetaan vielä huonosti. Koe-eläimillä 
tehdyt tutkimukset ovat tuottaneet paljon tietoa ruskean rasvan säätelystä, mutta 
alalla tarvitaan myös tutkimuksia ihmisillä, jotta innovatiiviset löydökset voidaan 
soveltaa ihmisen terveyden ja aineenvaihdunnan parantamiseksi.  

Tämän väitöskirjatyön tavoitteena oli tutkia positroniemissiotomografiaa eli PET-
kuvantamista käyttäen elimistön endogeenisiä eli sisäisiä tekijöitä, jotka säätelevät 
ruskean rasvan toimintaa. Tutkimuksessa tarkasteltiin kolmea endogeenistä 
säätelytekijää: kilpirauhashormoneita, adenosiinijärjestelmää ja 
endokannabinoidijärjestelmää. Tulokset osoittavat että kilpirauhashormonit 
säätelevät ruskean rasvan toimintaa. Kudoksen aktiivisuus oli lisääntynyttä 
potilailla, joilla oli diagnosoitu kilpirauhasen liikatoiminta, ja aktiivisuus palautui 
terveiden verrokkien tasolle liikatoiminnan hoidon jälkeen. Lisäksi todettiin 
ensimmäistä kertaa ihmisillä, että adenosiini A2A-reseptorit sekä tyypin 1 
kannabinoidireseptorit (CB1-reseptorit) säätelevät ruskean rasvan toimintaa 
kylmäaltistuksen aikana. Ruskean rasvan toiminta on heikentynyttä ylipainoisilla 
tutkittavilla ja heillä endokannabinoidijärjestelmän säätely on häiriintynyttä. Näitä 
endogeenisiä säätelymekanismeja voitaisiin hyödyntää uusien ruskean rasvan 
toimintaa lisäävien lääkkeiden kehittämiseksi ja tulevaisuudessa lihavuuden 
hoitoon. 

Avainsanat: Ruskea rasva, säätely, kilpirauhashormoni, adenosiini, 
endokannabinoidijärjestelmä, lihavuus, positroniemissiotomografia, PET
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 Introduction 13 

1 INTRODUCTION 

Brown adipose tissue (BAT) is involved in the metabolism and energy expenditure 
of humans. White adipose tissue (WAT) stores excess energy in the body, whereas 
BAT is able to dissipate energy in the form of heat in a phenomenon called 
thermogenesis. After the recent re-discovery of metabolically active BAT depots 
in adults, (Saito et al., 2009; van Marken Lichtenbelt et al., 2009; Virtanen et al., 
2009) much ongoing research is being conducted to understand the role and 
significance of BAT for human metabolism. There is increasing evidence that 
enhanced BAT function can improve systemic health in humans by utilizing 
glucose and lipids from the circulation and by increasing metabolic rate in 
individuals. Therefore, augmenting BAT activation could provide a potential 
strategy to combat the increasing epidemic of obesity and type 2 diabetes (Bhatt et 
al., 2017).  

The function of BAT is considered to be controlled by various endogenous factors 
(Broeders et al., 2014), many of which are still unknown or largely unexplored. 
Information from the environment, such as ambient temperature is received and 
processed in the central nervous system, and a response is sent via the sympathetic 
nervous system to the BAT in the form of increased noradrenaline levels which 
increases BAT metabolism (Cannon and Nedergaard, 2004). This process is 
controlled by many signaling molecules and hormones, including the thyroid 
hormones, the endocannabinoid system (ECS) and the adenosinergic system 
(Cannon and Nedergaard, 2010; Gnad et al., 2014; Krott et al., 2016; Verty et al., 
2009; Villarroya et al., 2017). In healthy individuals, BAT can be activated by 
certain stimuli, including cold exposure, and during such activation excess energy 
is liberated as heat in a process called thermogenesis. However, in a disease state 
or conditions of abnormal metabolism such as hyperthyroidism or obesity, the 
regulatory systems of BAT may become impaired. Understanding the mechanisms 
of BAT regulation are important for understanding human physiology, and 
targeting these regulatory factors with therapeutic molecules or other treatments 
could provide new ways to activate BAT and improve metabolism (Pfeifer and 
Hoffmann, 2015). 

Positron emission tomography (PET) provides a non-invasive method to 
investigate BAT function in humans in vivo. However, the potential of this imaging 
technique has not been fully utilized. Many previous PET studies have focused on 
studying the glucose metabolism of BAT, and have often presented merely semi-
quantitative data (Cypess et al., 2014). The aim of this doctoral work is to utilize a 
variety of different PET radioligands to investigate BAT in humans, and to provide 
new information about the regulation and physiology of BAT. 
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2 REVIEW OF LITERATURE 

2.1 Brown Adipose Tissue in Humans 

BAT has been recognized in rodents and human infants for centuries. Autopsy 
studies from the early 1900’s, described BAT as a separate anatomical organ or 
endocrine gland, found in the shoulder, neck, perivertebral and perirenal areas. The 
dense vasculature of the organ and its close location to the main vessels of the neck 
were considered important for its function (Bonnot, 1908; Cramer, 1920). Later 
autopsy studies done in the 1970’s and 1980’s also demonstrated the presence of 
brown fat depots in humans. One study showed that during childhood the depots 
were widely distributed in the body, but in the human adult BAT depots decreased 
and became anatomically concentrated around deeper organs of the body such as 
the kidneys, aorta, neck and mediastinum (Heaton, 1972). It was also reported that 
outdoor workers exposed to a cold environment had more brown-like adipose 
tissue compared to indoor workers (Huttunen et al., 1981). These early studies 
provided the first anatomical evidence of BAT in humans, but the function of BAT 
and any possible significance it had were still speculative. 

Functional imaging using PET combined with anatomical computed tomography 
(CT) provided a new tool to investigate functions of the body in vivo. The   
development of hybrid scanners advanced in the 1990’s, and especially their use 
with the radiotracer [18F]fluorodeoxyglucose ([18F]FDG) increased for cancer 
imaging. High glucose uptake visualized using PET could localize a metabolically 
active malignant tumor in the body. However, many [18F]FDG scans also showed 
small, bilateral hotspots in the shoulder areas of patients, which were considered 
to be benign artefacts of muscular tension. Later, large retrospective studies with 
carcinoma patients showed that these supraclavicular hotspots were in fact situated 
in adipose tissue, they were also found to be more prevalent in women, children 
and lean patients (i. e. normal weight patients), and their prevalence was closely 
linked to the cold outdoor temperature during the time of the scans (Cohade et al., 
2003b, 2003a; Hany et al., 2002). It was clear that these “artefacts” indeed 
indicated the presence of BAT. 

In 2009 three independent research groups confirmed the existence of 
metabolically active, bona fide BAT in human adults (Saito et al., 2009; van 
Marken Lichtenbelt et al., 2009; Virtanen et al., 2009). Morphological and 
biochemical analyses of tissue samples acquired from PET image-guided biopsies 
of supraclavicular BAT showed gene expression and proteins unique for brown 
adipocytes (Virtanen et al., 2009). These same three studies also confirmed that 
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cold exposure can markedly increase BAT activation, and that obesity, higher body 
mass index (BMI) and body fat are associated with less active BAT. 

Human infants have an interscapular BAT depot, which regresses with time and is 
absent in adults (Heaton, 1972; Lidell et al., 2013). BAT develops in the prenatal 
stage from myoblast precursors, and is established in fetuses by the fifth 
gestational month (Merklin, 1974). BAT abundance is highest at birth, as it 
comprises up to 5% of body weight, and has a very high thermogenic capacity. 
The rapid heat production is essential for survival, because newborn humans lack 
the ability to shiver. (Rogers, 2015) The amount of BAT declines over the next 6 
months (Ponrartana et al., 2016) and even further during childhood and 
adolescence, while the skeletal musculature develops. Interestingly, there is 
evidence of a transient increase in BAT volume during puberty, which may be 
linked to changes in sex hormones (Rogers, 2015). Aging further seems to decrease 
detectable BAT. Findings obtained from PET studies estimate that cold-activated 
BAT can be detected in approximately 50% of young adults (aged 2035 years) 
compared to less than 10% of older subjects (aged 4050 years and older) (Saito 
et al., 2009; Yoneshiro et al., 2011) and that active BAT seems to be more 
prevalent in women than in men (Cypess et al., 2009; Pfannenberg et al., 2010). It 
has recently been confirmed that the principal sites for BAT in adults are the 
cervical and supraclavicular fat depots, with smaller amounts found in the 
paraspinal, periaortic, perirenal, perihepatic and perisplenic areas (Cypess et al., 
2015). Due to their thermogenic capacity, it is thought that BAT depots around 
core blood vessels of the neck and organs may function to ensure adequate warm 
blood flow to the brain and other essential organs, which is similar to what 
scientists hypothesized in the beginning of the 20th century. Over the years much 
research with animal models and humans has given important insights to the 
function of BAT, but there are still many unanswered questions about the 
regulation, metabolic significance and potential of BAT in humans.   

2.2 Physiology of Brown Adipose Tissue 

2.2.1 Brown, White and Beige Adipocytes 

BAT differs from WAT structurally and functionally. White adipocytes have a 
single large lipid droplet filled with stored triglycerides. Brown adipocytes consist 
of several smaller lipid droplets and have numerous mitochondria. The 
mitochondria in brown adipocytes resemble those found in muscle and support 
energy consumption, whereas the mitochondria in WAT support more anabolic 
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and protective functions (Forner et al., 2009). BAT is densely vascularized and 
innervated by terminal nerve fibers of the sympathetic nervous system (SNS) 
(Cannon and Nedergaard, 2004). WAT mainly functions as an energy storage, 
whereas BAT has the ability to dissipate energy in the form of heat when it is 
activated. BAT functions as an essential thermoregulatory organ in small 
mammals with a relatively large surface area to volume ratio. Maintaining a stable 
core temperature is necessary for survival in cold environments and during 
hibernation. (Jakus et al., 2008) Although this purpose is less relevant in adult 
humans, there is some evidence of seasonal variation in BAT activation, 
suggesting that BAT is metabolically more active in cold winters than in summer 
seasons (Au-Yong et al., 2009; Saito et al., 2009; Yoneshiro et al., 2016).  

In addition to classical brown and white adipocytes, another type named “beige” 
or “brite” (brown-in-white) adipocytes are found in human adults. There is 
evidence that much of the BAT identified by PET imaging in supraclavicular 
depots consists of beige adipocytes, interspersed among large white-like, 
unilocular adipocytes (Wu et al., 2012), and this cell type is also found in the 
periadrenal depots of BAT (Lidell et al., 2013). Both brown and beige cells express 
the proteins that facilitate thermogenesis in the cell. These include uncoupling 
protein 1 (UCP1), the thyroid hormone converting enzyme deiodinase type 2 (D2), 
and transcription factors PR domain containing 16 (PRDM16) and PPARγ co-
activator 1 alpha (PGC-1α). However, beige and brown adipocytes also have 
distinct characteristics and differ by origin. Brown adipocytes develop prenatally 
and originate from the precursor cells of the dermomyotome. These precursors 
express the genes Myf5 (encoding Myogenic factor-5), Pax7 (encoding Paired box 
protein Pax-7) and En1 (encoding Engrailed 1) similar to the skeletal muscle cells. 
(Sepa-Kishi and Ceddia, 2018) The origin of beige cells, however, is still under 
investigation. It seems beige adipocytes emerge postnatally and they may either 
develop by converting from mature (white) adipocytes or develop de novo from 
different populations of precursor cells, including mural cells, vascular smooth 
muscle cells and preadipose cells. This can occur in response to a variety of 
different stimuli, such as cold exposure, PPARγ agonism, exercise or hormonal 
signals, and the process involves the action of many proteins, including EBF2 
(early B-cell factor 2), ZFP516 (zinc finger protein 516), PRDM16 and PGC-1α. 
(Wang and Seale, 2016) It is also noteworthy that beige adipocytes require 
constant stimulus for active thermogenesis, otherwise they transform into a white-
like phenotype (Harms and Seale, 2013; Hoeke et al., 2016). 
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Figure 1. Microscopic images of brown (BAT) and white adipose (WAT) tissue 
samples. Modified from Virtanen et al., 2009. 

2.2.2 BAT Thermogenesis and Substrate Utilization 

Temperature regulation of the body is controlled by the central nervous system. In 
a cold environment, ambient temperature is sensed on the skin by thermoreceptors, 
which relay information via afferent peripheral nerves to the spinal cord and 
further to the brain. The ventromedial hypothalamus is especially important in 
processing this information. (Contreras et al., 2015) A response is sent via the 
efferent sympathetic nerves to the periphery and to the BAT, which is densely 
innervated with sympathetic nerves. Noradrenaline is released at the nerve endings 
and this subsequently binds to the β3-adrenoreceptors (ß3-ARs) on the brown 
adipocytes, which causes a cascade of intracellular reactions that in turn trigger 
thermogenesis (Morrison et al., 2012). 

Upon ß3-AR stimulus, adenylyl cyclase (AC) is activated, which produces cyclic 
adenosine monophosphate (cAMP). The cAMP then activates protein kinase A 
(pKA). This enzyme then triggers many pathways, including the transcriptional 
activation of thermogenic genes and the hydrolysis of intracellular triglyceride 
stores into free fatty acids (FFAs). The FFAs produced by this hydrolysis 
subsequently undergo β-oxidation forming acetyl coenzyme A, which is 
transferred to Kreb’s cycle and further for oxidative phosphorylation, which yields 
adenosine triphosphate molecules (ATP) under normal conditions. Brown 
adipocytes, however, express UCP1, which causes uncoupling of the electron 
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transport chain, and results in the leakage of protons down the electron gradient. 
Consequently, chemical energy is converted into heat. This process is called non-
shivering or facultative thermogenesis. (Cannon and Nedergaard, 2004) 

When thermogenesis is activated, brown adipocytes take in nutrients from the 
systemic blood circulation. Glucose is taken up via the glucose transporter proteins 
1 (GLUT1) and 4 (GLUT4), which are stimulated by insulin. The glucose molecule 
is quickly phosphorylated to glucose-6-phosphate, and under high energy demand 
it is converted to two molecules of pyruvate via glycolysis, and then further 
oxidized in the mitochondria in Kreb’s cycle. This pathway provides energy for 
and supports the general functions of the adipocyte. Alternatively, glucose-6-
phophate can be stored as glycogen or converted to lactate by anaerobic glycolysis. 
Glucose can also be converted directly to fatty acids via de novo lipogenesis or 
converted to glycerol-3-phosphate and used to synthesize triglycerides. BAT may 
therefore act as an important glucose sink and may also improve insulin sensitivity 
during cold exposure. (Townsend and Tseng, 2014)  

Fatty acid metabolism in brown adipocytes is still being actively investigated. 
During the sympathetic activation of BAT, FFAs are produced from intracellular 
lipid droplets by three consecutive lipases; adipose triglyceride lipase (ATGL), 
hormone sensitive lipase (HSL) and monoglyceride lipase (MGL). The FFAs 
function as activators of UCP1 in addition to being metabolic substrates for 
thermogenesis (Cannon and Nedergaard, 2004; Festuccia et al., 2011). Studies 
with nicotinic acid have shown that fully blocking intracellular lipolysis suppresses 
thermogenesis and the oxidative metabolism in both rats and humans (Blondin et 
al., 2017a; Labbé et al., 2015). Interestingly, other recent studies have shown that 
intracellular lipolysis by ATGL in BAT is not required for thermogenesis when 
lipolysis still occurs in WAT, or when glucose and FFAs can be utilized by BAT 
from the circulation (Schreiber et al., 2017; Shin et al., 2017). As the intracellular 
triglyceride stores become depleted, de novo lipogenesis and the uptake of fatty 
acids from the circulation are increased. Triglycerides are transported in the blood 
stream in chylomicrons and very low density lipoproteins (VLDL). It seems that 
the uptake of fatty acids occurs mainly after lipolysis of these triglycerides by 
lipoprotein lipase (LPL) with the transporter cluster of differentiation 36 (CD36), 
similar to that which occur in the heart, skeletal muscle tissue and WAT (Hoeke et 
al., 2016). However, recent data have shown that the BAT may also take up the 
whole triglyceride-rich lipoprotein particle (Bartelt et al., 2011). There is evidence 
that the internalized FFAs are esterified and incorporated into triglycerides and 
stored in the small lipid droplets, from which they can be liberated again for 
mitochondrial β-oxidation (Labbé et al., 2015).  
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Clinical studies in humans have further shown that BAT is a very metabolically 
active tissue type, and cold exposure is its most potent activator. In lean men, 
oxidative metabolism is increased in BAT during cold exposure (Ouellet et al., 
2012), being significantly higher in cold compared with baseline conditions (U Din 
et al., 2016). Cold also significantly increases perfusion and glucose extraction 
from the blood to the tissue (Orava et al., 2011). Importantly, perfusion of BAT 
correlates positively with whole-body energy expenditure (Orava et al., 2011; U 
Din et al., 2016), which reflects that increased BAT function contributes to total 
energy expenditure. Increased perfusion seems to provide more oxygen and 
nutrients to the brown adipocytes, and higher blood flow can also transfer heat 
from BAT to other areas of the body. Cold exposure in lean healthy men can 
increase glucose uptake in BAT up to 12-fold, whereas glucose uptake in 
subcutaneous WAT, visceral WAT or skeletal muscle do not change during cold 
exposure (Orava et al., 2011; Virtanen et al., 2009). Non-esterified fatty acids are 
also actively taken up into human BAT during cold exposure (Ouellet et al., 2012) 
and after eating a mixed meal (U Din et al., 2018). Cold exposure also increases 
the uptake of dietary fatty acids, even though the proportion of fatty acid clearance 
by BAT seems low compared to other tissues such as the liver, heart or skeletal 
muscle (Blondin et al., 2017b). Furthermore, there is evidence that prolonged cold 
exposure or cold acclimation by repeated cold exposure activates human BAT. 
Cold acclimation can increase BAT volume (van der Lans et al., 2013) and 
oxidative metabolism (Blondin et al., 2014). Prolonged cold exposure (of 38 
hours) also increases resting energy expenditure by 15% in subjects with 
detectable BAT (Chondronikola et al., 2014).  

2.2.3 Significance of BAT in Human Metabolism 

Overweight and obesity are currently major health challenges, as obesity 
contributes to the pathogenesis of many chronic and metabolic diseases including 
diabetes, dyslipidemia, cardiovascular disease, osteoarthritis and cancer. Body 
weight categories are defined by body mass index (BMI), which is the weight of 
the subject in kilograms divided by the square of the height of the same individual 
in meters. The following BMI ranges are commonly used to evaluate nutritional 
status, body adiposity and risk for metabolic diseases: normal weight (BMI 18.5  
24.9 kg/m2), overweight (BMI 25  29.9 kg/m2) and obesity (BMI ≥ 30 kg/m2). 
(“WHO/Europe - Nutrition - Body Mass Index,” n.d.) In a cross-sectional study of 
the Finnish population in 2012, 65% of men and 46% of women were at least 
overweight and 20% of these were obese (Männistö et al., 2015). Moreover, the 
same study reported that 31% of Finns had abdominal obesity with a waist 
circumference of over 100 cm. On a global scale, the prevalence of overweight and 
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Clinical studies in humans have further shown that BAT is a very metabolically 
active tissue type, and cold exposure is its most potent activator. In lean men, 
oxidative metabolism is increased in BAT during cold exposure (Ouellet et al., 
2012), being significantly higher in cold compared with baseline conditions (U Din 
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correlates positively with whole-body energy expenditure (Orava et al., 2011; U 
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Cold acclimation can increase BAT volume (van der Lans et al., 2013) and 
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detectable BAT (Chondronikola et al., 2014).  

2.2.3 Significance of BAT in Human Metabolism 

Overweight and obesity are currently major health challenges, as obesity 
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weight categories are defined by body mass index (BMI), which is the weight of 
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same study reported that 31% of Finns had abdominal obesity with a waist 
circumference of over 100 cm. On a global scale, the prevalence of overweight and 
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obesity in adults including both developed and developing countries, has increased 
by 27.5% during the past 30 years (between 1980 and 2013), which adds up to 2.1 
billion overweight individuals worldwide. Prevalence of overweight and obesity 
has also risen by 47% in children. (Ng et al., 2014) Not only does obesity increase 
individual burden and morbidity (Flegal et al., 2013), the medical care costs of 
obesity are staggering. For example, these totaled to about $147 billion in the 
United States in 2008 (Jensen et al., 2014). In 2013, Member States of the World 
Health Organization introduced a target for stopping the rise in obesity by 2025, 
but new effective measures are needed to achieve this goal. Activating BAT in 
humans has emerged as one potential way for increasing whole-body energy 
expenditure and improving metabolic health.  

There is evidence that obesity is linked with impaired BAT activity. For example, 
active BAT metabolism is associated with a leaner phenotype, lower BMI and 
lower visceral adiposity (Saito et al., 2009; Wang et al., 2015). The effects of both 
cold and insulin stimulation on BAT glucose uptake are severely blunted in 
overweight or obese subjects (Blondin et al., 2015a; Orava et al., 2013). However, 
it seems that cold acclimation can recruit BAT or increase its glucose uptake and 
improve insulin sensitivity in obese subjects (Hanssen et al., 2016) and subjects 
with originally low BAT activity (Yoneshiro et al., 2013). Interestingly, there is 
also evidence that weight loss in morbidly obese subjects could improve the 
metabolic activity of BAT (Orava et al., 2013; Vijgen et al., 2012) or cause the 
browning of WAT in supraclavicular depots (Dadson et al., 2018).  

BAT also may have potential to ameliorate type 2 diabetes. Transplantation of 
BAT from healthy mice to the visceral cavity of obese mice or mice fed a high-fat 
diet resulted in improvements in metabolic parameters including glucose tolerance 
and whole-body insulin sensitivity (Liu et al., 2015, 2013; Stanford et al., 2013). 
Interestingly, BAT may be implicated in the mechanisms of the antidiabetic drug 
metformin. Metformin increased BAT mitochondrial content and activity and 
enhanced the clearance of VLDL-TG into BAT in a mouse model of human-like 
lipoprotein metabolism (Geerling et al., 2014). Active BAT may also enhance 
glucose disposal and insulin sensitivity in humans (Chondronikola et al., 2014; 
Hanssen et al., 2015b). One study found that the presence of cold-induced active 
BAT is one significant and independent determinant of glycosylated hemoglobin 
A1c (HbA1c) and blood glucose levels (Matsushita et al., 2014). Active BAT can 
also improve metabolism by increasing circulating levels of the insulin enhancer 
adiponectin, and by decreasing levels of leptin, a hormone that regulates food 
intake (Lee et al., 2014b). BAT is a very insulin-sensitive tissue, as the insulin-
stimulated glucose uptake in human BAT increases 5-fold compared to basal rates, 
and this high level of response is similar to that found in skeletal muscle (Orava et 
al., 2011). It has been hypothesized that BAT partly reduces hyperglycemia by 
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acting as a “glucose sink” and internalizing glucose during its activation, but 
whether such a contribution is clinically significant is uncertain (Carpentier et al., 
2018). Interestingly, patients with type 2 diabetes have lower glucose uptake in 
their BAT (measured with [18F]FDG) and have a more white-like phenotype in 
their BAT regions (measured with CT radiodensity), although the fatty acid uptake 
and oxidative metabolism of BAT remain similar compared to healthy controls 
(Blondin et al., 2015a). Therefore, the true function and potential of BAT in type 
2 diabetes patients requires further research. 

Importantly, many studies show that activating BAT can improve overall 
metabolic parameters. A study in humans that used CT imaging has shown that 
higher radiodensity of adipose tissue (indicating active BAT) was associated with 
better measures of metabolic health, such as M-value, waist circumference and 
blood triglycerides (U Din et al., 2017). Evidence from pre-clinical studies also 
show that BAT activation could improve cardiometabolic risk factors by 
decreasing atherosclerotic plaque formation and by clearing triglycerides from the 
plasma (Bartelt et al., 2011; Berbeé et al., 2015; Chang et al., 2012). Interestingly, 
it has been found that perivascular adipose tissue in the thoracic area is 
morphologically and functionally similar to BAT (Fitzgibbons et al., 2011), and 
secretion of anti-inflammatory factors by this adipose tissue could possibly 
influence the progression of atherosclerosis (Hildebrand et al., 2018).  

Although the amount of evidence of active BAT metabolism in humans has greatly 
increased in the past 10 years, there is still debate about whether BAT makes a 
significant contribution to human energy expenditure. Some studies have shown 
that the amount of energy expenditure from maximally activated cold-induced 
BAT thermogenesis amounts to about 1020 kcal/day (Muzik et al., 2012; U Din 
et al., 2016). Other studies suggest a BAT thermogenesis of up to 100125 
kcal/day (Marlatt and Ravussin, 2017; Ouellet et al., 2012; Virtanen et al., 2009), 
which varies and depends on the mass of detected BAT. It has been well 
established that BAT can dissipate energy and increase the disposal of glucose and 
fatty acids. The proportion of energy expenditure caused by BAT activation, 
however, seems to be small due to its small mass in humans when compared to the 
contribution of the musculature (Blondin et al., 2015b). One strategy to treat 
obesity could thus be to increase the amount of BAT mass, which could then 
increase energy expenditure. It is noteworthy, however, that UCP1 does not 
increase respiratory activity of brown adipocytes under basal conditions, and 
therefore only expanding brown (or beige) adipose tissue without promoting 
activation may be inadequate for increasing energy expenditure. Nevertheless, a 
larger brown/beige depot could be activated by daily stimuli such as cold exposure 
to achieve therapeutic effects. (Harms and Seale, 2013) It is plausible that BAT 
could play a role in weight maintenance and improve systemic metabolic factors, 
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rather than cause substantial weight loss. More research is needed to develop 
strategies to utilize BAT for the treatment of metabolic disease in humans. The 
specific mechanisms and regulatory factors of BAT activation must still therefore 
be understood in order to develop suitable and effective therapies. 

 

 
Figure 2. Potential mechanisms of how BAT activation may contribute to 
combating obesity and type 2 diabetes. “Batokines” refer to regulatory BAT-
derived molecules that act in a paracrine or autocrine manner and influence 
metabolism. 
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2.3 Endogenous Regulation of Brown Adipose Tissue 

Thermogenesis and activation of BAT is regulated by numerous endogenous 
factors and molecular pathways (Broeders et al., 2014). The SNS is an essential 
modulator of many of these regulatory mechanisms. For example, the ß3-ARs are 
essential for cold-induced BAT activation to occur. Interestingly, one study 
showed that a single-dose oral administration of the β3-AR agonist, mirabegron, 
increased glucose uptake in human BAT (Cypess et al., 2015). In line with this 
finding, previous [18F]FDG-PET studies have shown that β-adrenergic blockers 
decrease BAT activity (Söderlund et al., 2007).  

Exercise also increases SNS stimulus and catecholamine release, which cause 
lipolysis in both BAT and WAT, thus leading to increased thermogenesis 
(Virtanen, 2014). Furthermore, active skeletal muscle induces secretion of other 
molecules including natriuretic peptides and irisin, which may additively activate 
BAT (Sanchez-Delgado et al., 2015). Natriuretic peptides are secreted from the 
heart, with the classic physiological functions of diuresis, natriuresis and 
vasodilation. Excessive availability of natriuretic peptides decrease fat mass and 
promote browning of white adipocytes of mice, and enhance markers of 
mitochondrial biogenesis and cellular oxygen consumption in human adipocytes 
(Bordicchia et al., 2012). Indeed, obesity and diabetes in humans seem to be 
associated with lower levels of circulating natriuretic peptides (Wang et al., 2004). 
Irisin is a molecule that is released from the skeletal muscle into the blood 
circulation during both exercise and cold-induced shivering, and it has been shown 
to induce adipose tissue browning and thermogenesis in rodents (Boström et al., 
2012; Lee et al., 2014a; Petrovic et al., 2010). In infants, the occurrence of BAT is 
strongly associated with early postnatal growth of skeletal muscle (Ponrartana et 
al., 2016). Additionally, some other systemic hormones that promote 
musculoskeletal development at puberty, including growth hormone, gonadal sex 
steroids, and insulin-like growth factor 1 (IGF-1), may also promote the growth of 
BAT (Rogers, 2015). Overall, the innumerable metabolic health benefits of 
exercise for humans are apparent, but whether some of these benefits are partly 
mediated by BAT activation is still unclear. A few human studies suggest that 
glucose uptake by the BAT may in fact decrease during endurance training 
(Vosselman et al., 2015) and also during short-term training (Motiani et al., 2017). 
This interesting skeletal muscle – BAT crosstalk still requires more studies for its 
elucidation (Dewal and Stanford, 2018). 

Many other mechanisms have also been investigated, that demonstrate an interplay 
between different organ systems and BAT. Bile acids can increase energy 
expenditure in mice and humans by stimulating the transmembrane G protein-
coupled receptor 5 (TGRF) on brown adipocytes and thus increasing D2-mediated 
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thyroid hormone thermogenesis in BAT (Broeders et al., 2015; Watanabe et al., 
2006). Interestingly, cold-induced BAT activation in mice increases cholesterol 
metabolism and bile acid synthesis, which also alters the gut microbiome 
(Worthmann et al., 2017). Brown fat may also have a secretory role by producing 
molecules that act in a paracrine or autocrine fashion, and as messengers to other 
tissues. These numerous molecules have collectively been named brown 
adipokines or “batokines”, and they may contribute to the systemic health benefits 
observed during BAT activation (Villarroya et al., 2017). For example, bone 
morphogenic proteins (BMPs) are extracellular signaling proteins that regulate 
tissue development and homeostasis, and BMP7 and BMP8b are especially 
necessary for beige adipogenesis, the expression of transcription factors PRDM16 
and PGC1α, and other pathways significant for thermogenesis (Tseng et al., 2008; 
Whittle et al., 2012). BAT-mediated secretion of vascular endothelial growth 
factor A (VEGFA) can promote vascularization of BAT and upregulate UCP1 
(Sun et al., 2014; Xue et al., 2009), whereas secretion of nerve growth factor (NGF) 
seems to enhance the sympathetic innervation in BAT (Nisoli et al., 1996). 
Fibroblast growth factor 21 (FGF21) promotes the action of glucose in adipose 
tissue and therefore moderates glycemia and lipidemia (Giralt et al., 2015). It is 
secreted mostly from the liver, but also from other tissues and organs including 
skeletal muscle and thermogenically activated human brown adipocytes (Lee et 
al., 2014a). Systemic plasma levels of FGF21 in humans are associated with the 
cold-induced metabolic activity of BAT (Hanssen et al., 2015). Furthermore, a 
preliminary clinical trial with exogenous administration of FGF21 in obese 
subjects with type 2 diabetes found improvements in lipid values and body weight, 
but not in glucose levels (Gaich et al., 2013). However, the specific mechanisms 
of action of FGF21 in humans still require further research (Lee et al., 2015).  

These and other numerous studies present different mechanisms of how BAT is 
involved in the crosstalk with several organ systems, and understanding these 
complex regulatory pathways may provide novel ways by pharmacology, to 
increase human BAT activation. Several factors have been found and investigated 
in rodents, but species-specific differences in BAT regulation may also occur, 
which underlies the need for human studies. This thesis work focuses on 
investigating three endogenous aspects of BAT regulation, which have not 
previously been studied in humans, namely the thyroid hormones, the 
adenosinergic system, and the endocannabinoid system. 
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Figure 3. Activation mechanisms of the brown adipocyte. Red boxes represent 
the mechanisms that have been studied in this thesis. Green boxes show PET 
radioligands that were used for imaging BAT in this research. Abbreviations: 
noradrenaline (NE), adenosine triphosphate (ATP), adenosine (Ado), 
Adenosine A2A receptor (A2A), β3-adrenergic receptor (β3-AR), 
endocannabinoid (EC), Cannabinoid type 1 receptor (CB1R), thyroxine (T4), 
triiodothyronine (T3), thyroid hormone receptor (TR), type I iodothyronine 
deiodinase (D1), type II iodothyronine deiodinase (D2), adenylyl cyclase (AC), 
cyclic AMP (cAMP), protein kinase A (PKA), triglyceride (TG), fatty acids (FA), 
adipose triglyceride lipase (ATGL), hormone sensitive lipase (HSL), 
monoacylglycerol lipase (MGL), lipoprotein lipase (LPL), cluster of 
differentiation 36 (CD36), glucose transporters (GLUT), cAMP response 
element-binding protein (CREB), activating transcription factor 2 (ATF2), 
carnitine palmitoyltransferase I (CPT1), uncoupling protein 1 (UCP1). 
Modified from Kooijman et al., 2015. 
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2.3.1 Thyroid Hormones 

Thyroid hormones are essential for normal metabolism and function of many 
tissues including BAT. The thyroid gland produces and releases thyroxine (T4) 
and, to a minor extent, triiodothyronine (T3) into the circulation, and systemic 
levels are controlled via a negative feedback system by the hypothalamus (which 
secretes Thyrotropin Releasing Hormone, TRH) and the pituitary gland (which 
secretes Thyroid Stimulating Hormone, TSH) (Yen, 2001). At the tissue level, 
BAT expresses the enzyme D2, which converts the prohormone T4 into the 
biologically active metabolite T3. These regulatory mechanisms ensure that BAT 
has a sufficient amount of thyroid hormone in order to function. (Cannon and 
Nedergaard, 2004; Weiner et al., 2017) 

Normal thyroid status is required for cold-induced adaptive thermogenesis. T3 
actions are mediated by nuclear thyroid hormone T3 receptors (TR), TRα and TRβ. 
Studies in mice have shown that TRβ is required for the induction of UCP1 and is 
essential for BAT function, whereas TRα regulates adrenergic sensitivity and body 
temperature. (Cioffi et al., 2018; Silva and Bianco, 2008) Mice with mutated TRβ 
receptors are unable to bind T3, have reduced UCP1 expression, reduced 
adrenergic responsiveness and consequently the mutated mouse has defective 
adaptive thermogenesis (Ribeiro et al., 2010). Localized bioavailability of T3 
during embryogenesis is also crucial for the development of BAT (Hall et al., 
2010). Furthermore, thyrotoxicosis in rats stimulates UCP1 expression and BAT 
heat production (Branco et al., 1999), whereas hypothyroid hibernating rodents 
develop severe hypothermia and death after cold exposure, largely due to the 
impaired BAT thermogenesis (Kates and Himms-Hagen, 1985). 

The signaling pathways of thyroid hormones and the SNS are interconnected, and 
there is evidence that thyroid hormones regulate BAT function via the brain. 
Systemic hyperthyroidism or intracerebroventricular administration of T3 in rats 
leads to activation of the SNS and the induction of BAT (López et al., 2010). 
Interestingly, central injection of T3 in mice decreased weight independently of 
food intake, and caused browning of WAT when compared to control mice. 
Specifically the ventromedial hypothalamus and central AMPK are necessary for 
these effects to occur (Martínez-Sánchez et al., 2017). Furthermore, cold exposure 
increases expression and activity of D2 in BAT. Catecholamines and local T3 act 
synergistically to stimulate UCP1 expression and consequently increase 
thermogenesis (Silva and Bianco, 2008). The thyroid receptor agonist GC-1 has 
been found to induce significant browning of subcutaneous WAT (but not 
epididymal WAT) in an obese mouse model. GC-1 treatment increased adaptive 
thermogenesis in a UCP1-dependent manner, improved glucose disposal rate, but 
interestingly, decreased activity of classic BAT. (Lin et al., 2015). 
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Although there is vast evidence from studies in rodents, the link between thyroid 
hormones and BAT activation in humans has not been thoroughly studied. A 
human study done in Greenland found that dwellers with most exposure to Arctic 
cold conditions had the highest serum thyroglobulin concentrations, low T3 
concentrations and high urinary iodine excretion, which indicates high thyroid 
turnover (Andersen et al., 2012). Human PET studies have shown slightly higher 
TSH levels under baseline room temperature conditions in “BAT-positive” 
individuals compared to individuals with no detectable BAT (Orava et al., 2013, 
2011). Furthermore, cold exposure causes small decreases in plasma TSH values 
(Blondin et al., 2015a; Orava et al., 2011). Interestingly, TSH-receptors are also 
found in adipose tissue (Sorisky et al., 2008), and activation of TSH-receptors has 
been linked to increased UCP1 expression in preadipocytes (Zhang et al., 2006). 
Moreover, expression of DIO2, the gene that encodes D2, is higher in human BAT 
than in WAT (Virtanen et al., 2009). Cold exposure further induces the expression 
of DIO2, in addition to the expression of other factors essential for BAT 
thermogenesis, namely UCP1, β3-AR and PGC1α (Chondronikola et al., 2014). 
These findings together suggest a link between thyroid hormones and BAT 
function also occurs in adult humans. 

Patients with hyperthyroidism are characterized by symptoms and signs of 
increased metabolism of tissues and activation of the SNS, such as unintentional 
weight loss, heat intolerance, tachycardia and tremor (Ross et al., 2016). Although 
most of the hyperthyroid symptoms can be explained by metabolic changes in 
other tissues, they may partly result from an over-activation of the signaling 
between thyroid hormones and BAT. Understanding the effects of thyroid 
hormones on human BAT function would provide insight into BAT regulation in 
addition to the disease mechanisms in hyperthyroidism. 

2.3.2 Adenosine 

Adenosine is a purine nucleoside, which functions as an important extracellular 
signaling molecule that exerts a range of responses in different tissues including 
adipose tissue. It is a short-lived molecule in the circulation, and it acts as a 
cytoprotective modulator in response to stress in a tissue or organ. The response 
restores homeostasis in the tissue by the action of one or more of the following: 
increasing blood supply, suppressing inflammation or by ischemic 
preconditioning. The effects of adenosine are mediated via four G protein-coupled 
receptor subtypes A1, A2A, A2B and A3. The subtypes A1 and A3 inhibit the 
production of intracellular cAMP, whereas A2A and A2B stimulate adenylate 
cyclase, therefore different receptors mediate different intracellular responses. 
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(Wilson and Mustafa, 2009) The release of adenosine is controlled by the SNS. 
During cold exposure, the SNS is activated thereby releasing noradrenaline and 
also ATP as a co-transmitter. ATP undergoes rapid enzymatic degradation into 
adenosine monophosphate (AMP), adenosine diphosphate (ADP) and adenosine, 
which further swiftly breaks down into inosine. (Abbracchio et al., 2009)  

Studies with hamsters have shown that adenosine regulates BAT respiration by 
antagonizing lipolysis and respiration stimulated by the β-adrenoreceptor agonist 
isoproterenol (Schimmel and McCarthy, 1984; Szillat and Bukowiecki, 1983). 
However, more recently, adenosine in human brown adipocytes was found to 
increase lipolysis, and additively enhance lipolysis evoked by noradrenaline (Gnad 
et al., 2014). Adenosine also increased the expression of thermogenic markers in 
human brown and white adipocytes. The BAT of mice provides a better model for 
human BAT than that of hamsters, and electrical field stimulation of mice BAT 
induced the release of endogenous noradrenaline and ATP, with a simultaneous 
increase in adenosine concentration. Treatment of BAT and brown adipocytes with 
noradrenaline also increased adenosine concentrations, which were abolished by 
treatment with propranolol. (Gnad et al., 2014) These findings support the concept 
that adrenergic and purinergic signaling enhance BAT function concomitantly.  

A2A receptor (A2AR) signaling is required for the full activation of BAT, and 
selective A2AR agonism can also induce browning of white adipocytes (Gnad et 
al., 2014). There is also pre-clinical evidence that adenosine has a stimulatory 
effect on pancreatic β-cells via the A2AR, and A2AR agonism is significant in 
controlling the proliferation and survival of the cells (Antonioli et al., 2015). 
A2AR agonists have also been shown to improve adipose tissue inflammation and 
glucose homeostasis in obese mice (DeOliveira et al., 2017).  

These data suggest that targeting the adenosine receptors in BAT could potentially 
provide a way to increase BAT activity. Despite the substantial pre-clinical 
evidence, the physiological significance of adenosine for BAT in humans is still 
unexplored.  

2.3.3 Endocannabinoids 

The endocannabinoid system (ECS) consists of a vast network of endogenous 
molecules, their receptors, and enzymes, which are significant for modulating 
processes including metabolism, inflammation, and intercellular signaling. 
Endogenous cannabinoids are produced on demand from phospholipid precursors, 
and they modulate and inhibit neurotransmission in a retrograde manner in the 
brain. The cannabinoid type 1 receptor (CB1R) is the most studied cannabinoid 
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receptor, and it is primarily found in the brain but also in various peripheral tissues 
including adipose tissue (Toczek and Malinowska, 2018).  

CB1Rs participate in the control of lipid and glucose metabolism (Di Marzo, 
2008). Agonism of CB1Rs promotes conservation of energy by increasing food 
intake and inhibiting energy expenditure and thermogenesis, which leads to an 
expansion of fat mass (Mazier et al., 2015). Physiologically, the ECS is activated 
in states of fasting or stress, which protects the organism from excessive energy 
expenditure or starvation, but in affluent lifestyles where food is abundant and 
easily accessible, the normal regulation of the system can become impaired. In 
fact, obese individuals have overactive endocannabinoid signaling, which 
manifests as higher circulating cannabinoid levels compared to those of lean 
individuals (Blüher et al., 2006; Engeli et al., 2005; Fanelli et al., 2018). Higher 
plasma endocannabinoid levels are also associated with increased abdominal 
adiposity, insulin resistance, dyslipidemia and cardiometabolic risk factors (Côté 
et al., 2007; Di Marzo et al., 2009; Fanelli et al., 2017). Furthermore, 
endocannabinoids are involved in the physiology of the gut, by modulating gastric 
emptying, gastrointestinal motility and inflammation. These effects of 
endocannabinoids on the gut may also be involved in the regulation of fat intake, 
postprandial glycemia, satiety and the gut microbiome. (Cani et al., 2016)  

Blockade of CB1R decreases body weight and fat mass and improves glucose 
homeostasis and insulin sensitivity in humans and rodents, which is a finding that 
shows promise for using CB1R antagonists as potential drugs against obesity and 
diabetes. One CB1R inverse agonist, rimonabant, was previously in clinical use 
with good efficacy (Christopoulou and Kiortsis, 2011). Rimonabant treatment 
caused reductions in weight and waist circumference, and improvements in 
glucose and lipid homeostasis, fatty liver and insulin resistance (Christopoulou and 
Kiortsis, 2011). Some cardiometabolic risk factors were alleviated partly 
independently of weight loss, including improvements in adiponectin, HDL, 
triglycerides, and HbA1c in diabetic patients (Richey and Woolcott, 2017). 
Unfortunately, the drug caused severe psychiatric adverse effects and was 
withdrawn from the market (Christensen et al., 2007). Research is now focusing 
on developing neutral antagonists that would benefit metabolic health but which 
would not penetrate the blood-brain-barrier and cause harmful side-effects (Richey 
and Woolcott, 2017).  

The weight loss effects due to rimonabant treatment were partly explained by 
blockade of the CB1R in the central nervous system, which decreased food intake 
and reduced appetite (Colombo et al., 1998; Sam et al., 2011). However, recent 
studies have also shown that rimonabant also functions in the peripheral tissues, 
including WAT, liver, skeletal muscle, the endocrine pancreas and macrophages 
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(Jbilo et al., 2005; Kunos and Tam, 2011). Interestingly, novel CB1R antagonists 
that act strictly peripherally, have been found to activate BAT in rodents, induce 
lipolysis and lipid oxidation, and improve metabolism (Hsiao et al., 2015; Takano 
et al., 2014).  

A few studies have suggested that alternative activation of macrophages (M2 
polarization) contributes to BAT activation and browning (Nguyen et al., 2011; 
Ruiz de Azua et al., 2017). Alternatively activated macrophages secrete 
catecholamines by stimulation from interleukin-4 (IL-4), increasing the 
thermogenic capacity of BAT and mobilizing fatty acids from WAT to fuel 
uncoupled respiration. Absence of these macrophages impaired the adaptations to 
cold, whereas IL-4 administration increased energy expenditure, thermogenic gene 
expression and fatty acid mobilization. (Nguyen et al., 2011) The selective 
adipocyte specific knock-out of CB1R in another study protected mice from diet-
induced obesity, and the phenotype showed decreased body weight, reduced 
adiposity and improved insulin sensitivity (Ruiz de Azua et al., 2017). Adipocyte 
specific knock-out of CB1R resulted in the reprogramming of white adipocytes 
into a beige phenotype, increased the sympathetic outflow and increased the 
amount of alternatively activated macrophages. These data suggest a crosstalk 
between adipocytes, immune cells and the sympathetic nervous system for which 
the CB1R plays a regulatory role. Further proof of the link between the brain, the 
SNS and BAT has been provided by a PET imaging study with the noradrenaline 
analogue [11C]-metahydroxyephedrine ([11C]-MHED) (Quarta et al., 2013). This 
study presented accumulation of the radioligand in BAT of rodents, and reported 
that uptake was proportional to the level of SNS-induced BAT activity. Both acute 
and chronic changes in SNS-dependent BAT thermogenesis were observed, and in 
obese mice this SNS–BAT crosstalk was impaired. (Quarta et al., 2013) 

Intriguingly, there is pre-clinical evidence that CB1Rs and endocannabinoids are 
upregulated in BAT following cold or stimulation of β3-AR (Krott et al., 2016). 
One human study also showed increased plasma endocannabinoid levels of healthy 
lean men after acute mild cold exposure (Kantae et al., 2017). The CB1Rs are 
expressed in BAT of rodents (Eriksson et al., 2015; Krott et al., 2016), but hitherto 
their function has not been studied in humans. Understanding the role of 
endocannabinoids for human BAT function could further facilitate the 
development of new treatment strategies for increasing BAT activity and 
improving metabolic health. 
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2.4 Positron Emission Tomography 

Positron emission tomography (PET) is a non-invasive medical imaging 
technique, which inter alia has enabled the modern re-discovery of BAT in 
humans and has become a golden standard method for investigating BAT (Sun et 
al., 2017). PET utilizes medical radioactive compounds, which are administered to 
patients in trace amounts and mimic naturally occurring biological processes of 
the body. The radiation of the compound that accumulates in the organ or tissue is 
detected by a PET camera, after which the data are transformed into an image and 
can be further processed using mathematical models. Depending on the type of 
radioligand, the accumulation or turnover of the compound can represent the 
localization of the molecule into certain cells or the binding to specific receptors. 
In this way many molecular mechanisms can be visualized and quantified in vivo, 
and further combined with anatomical data from simultaneous CT or MR imaging. 
(Anand et al., 2009; Oikonen, n.d.). 

2.4.1 Physical principles of PET 

A PET radioligand is produced by incorporating a positron emitting radionuclide 
with a short half-life (e.g. 18F, 11C, 15O) generated in a cyclotron into a biological 
molecule using different labeling methods. The radioligand is typically 
administered to the subject intravenously, but also oral administration or inhalation 
can be used. The radionuclide continues to undergo nuclear decay in the body and 
emits positrons. The positron collides with an electron, and annihilation occurs, 
which converts the mass of these particles into energy. This produces two gamma 
photons or rays that are emitted in opposite directions to each other. The photons 
are detected by the circular PET camera, which surrounds the patient. (van der 
Veldt et al., 2013) The scanner can calculate the point of annihilation based on the 
line of response from two simultaneous and opposite detections of gamma rays. 
The numerous annihilations detected by the PET scanner are processed and 
reconstructed by a computer to form a tomographic image. High accumulations of 
the radioligand are visualized as hotspots in the three-dimensional PET image, and 
the precise locations in the body can be determined by combining the image with 
an anatomical CT or MR image. (Turkington, 2001). 
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Figure 4. A. Diagram depicting positron-electron annihilation and detection by 
the PET scanner. Modified from van der Veldt et al., 2013.  

B. Study subject is lying in the supine position inside the PET/CT scanner (GE 
Healthcare), with only the covered legs in view, in the Turku PET Centre. 
Photo by Roni Lehti.  
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2.4.2 PET radioligands for Investigating BAT 

Currently, the most widely used and available PET radioligand is 18F-
fluorodeoxyglucose ([18F]FDG). The [18F]FDG molecule is an analogue of glucose 
that mimics glucose metabolism in the body and it is transported into cells through 
the same transporters as glucose. In the cell [18F]FDG is phosphorylated into 
18FDG-6-phosphate, but it does not undergo any further glycolysis and is trapped 
within the cell, until it decays. [18F]FDG has been extensively used as an indicator 
of metabolically active BAT in humans since the first major BAT studies were 
published in 2009 (Cypess et al., 2009; Saito et al., 2009; van Marken Lichtenbelt 
et al., 2009; Virtanen et al., 2009).  

Dynamic PET imaging is required to quantify the uptake rate of glucose into 
tissues. When dynamic PET data are combined with the [18F]FDG concentration 
in plasma (i.e. the input function), the graphical Patlak method can be used to 
directly estimate the net uptake rate (Ki) for [18F]FDG (Patlak and Blasberg, 1985). 
Ki is then used to calculate the metabolic rate of glucose, by multiplying Ki  with 
the actual plasma glucose concentration of the subject during the scan, and 
dividing the product by the lumped constant (LC). The LC is a tissue-specific 
constant that accounts for differences in transport and phosphorylation rates 
between natural glucose and its tracer analogue [18F]FDG (Sokoloff et al., 1977; 
Virtanen et al., 2001). This method provides an absolute, quantitative measure of 
glucose flux into tissue by taking into account the differences in biodistribution 
and plasma clearance of the tracer, such as uptake into other organs or excretion 
of [18F]FDG. Semi-quantitative measurements, such as standardized uptake value 
(SUV), are widely used when dynamic imaging or blood sampling is not possible, 
and for clinical oncological studies to assess cancer treatment response. The SUV 
is calculated simply as the ratio of tissue radioactivity (kBq/ml) at one time point 
after injection of the tracer, and the administered dose at the time of the injection 
(MBq) divided by the body weight of the subject in kilograms (Cypess et al., 2014). 
However, SUV is vulnerable to major sources of variability, such as metabolic 
state (e.g. the fasting state vs. insulin stimulation) and any physiological changes 
in other tissues during the PET scan or any intervention (e.g. during exercise and 
muscle activation) (Oikonen, n.d.). The SUV and Patlak Ki values may in fact be 
discrepant, and can provide opposite conclusions regarding the progression of 
disease in cancer patients (Freedman et al., 2003). In scientific studies, therefore 
SUV values must be evaluated critically, and quantitative, dynamic PET imaging 
should currently be the methodology of choice whenever possible. 

In addition to glucose, fatty acids are another essential substrate for BAT function 
(Townsend and Tseng, 2014). The long-chain fatty acid analogue, 14(R,S)-
[18F]fluoro-6-thia-heptadecanoic acid ([18F]FTHA) is used to quantify the uptake 



32  Review of Literature 

A. 

 
B. 

 
Figure 4. A. Diagram depicting positron-electron annihilation and detection by 
the PET scanner. Modified from van der Veldt et al., 2013.  

B. Study subject is lying in the supine position inside the PET/CT scanner (GE 
Healthcare), with only the covered legs in view, in the Turku PET Centre. 
Photo by Roni Lehti.  
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of circulatory non-esterified fatty acids into tissues. The radioligand enters the cells 
similar to the mechanism of natural fatty acids, and undergoes metabolism in the 
mitochondria, after which they are trapped. Accumulation of 18F thus represents 
total fatty acid utilization of the tissue, including β-oxidation and storage in the 
cells (DeGrado et al., 1991; Oikonen, n.d.). This radioligand has been administered 
intravenously (Ouellet et al., 2012; U Din et al., 2017) and orally (Blondin et al., 
2017b) in studies on BAT fatty acid metabolism. 

There are also many radioligands, which enable the measurement of BAT function 
independent of substrate uptake. For example, by incorporating the radionuclide 
15O into the water molecule produces [15O]H2O, a diffusible and inert radiotracer, 
which can be administered intravenously. It is optimal for quantifying the 
perfusion of tissues, i.e. the volume of blood flowing through a specific quantity 
of tissue per unit of time. Radiowater has commonly been used in clinical studies 
to investigate cardiovascular function (Danad et al., 2014), and it has also been 
used to study the physiological changes in perfusion of skeletal muscle, BAT and 
WAT (Heinonen et al., 2014, 2010, Orava et al., 2013, 2011). Radiolabeled oxygen 
[15O]O2 has also been used to investigate BAT metabolism (Muzik et al., 2012; U 
Din et al., 2016). This radioligand is administered via inhalation and provides a 
direct measure of oxygen consumption of the tissues. It is especially suitable when 
the question of which substrate is used for oxygen consumption is irrelevant (U 
Din et al., 2016). However, because of its very short half-life (122.2 s), production 
of 15O requires an on-site cyclotron in close special proximity to the PET camera, 
suitable infrastructure and facilities to administer the tracers.  

Oxidative metabolism of BAT can also be estimated using [11C]acetate (Blondin 
et al., 2017a; Ouellet et al., 2012). In living tissues acetate is metabolized into 
acetyl-CoA and enters Kreb’s cycle. Consequently, retention of acetate and the 11C 
radioactivity in tissue over time provides a measure of oxidative metabolism, and 
the peak 11C radioactivity value can be used to estimate perfusion of a tissue. 
Interestingly, there is pre-clinical evidence in mice that a novel noradrenaline 
analogue [11C]-meta-hydroxyephedrin ([11C]HED) could be utilized to study the 
activity of the SNS in BAT. This radioligand could provide more insight into SNS-
mediated BAT thermogenesis and even conversion of WAT to BAT. (Quarta et 
al., 2013) 

Many other radioligands have been developed to quantify different receptors of 
tissues, but their use for human BAT imaging is still unexplored. [18F]FMPEP-d2 
is an inverse agonist radioligand that binds to CB1 receptors of the 
endocannabinoid system. This tracer has previously been used to quantify the 
density of CB1R in the human brain and investigate changes in alcohol or cannabis 
abuse (Donohue et al., 2008; Hirvonen et al., 2013, 2012; Terry et al., 2010). 
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[18F]FMPEP-d2 has also recently been used to study CB1Rs of BAT in rats 
(Eriksson et al., 2015), although it has not yet been applied to humans. [11C]TMSX 
is another receptor binding radioligand with specific affinity to adenosine A2A 
receptors in the body. It has previously been used to quantify these receptors in the 
brain (Mishina et al., 2011, 2007; Rissanen et al., 2013) and skeletal or cardiac 
muscle tissues (Heinonen et al., 2008; Ishiwata et al., 2004; Mizuno et al., 2005) 
of humans and rodents, but has not previously been studied in adipose tissue. These 
radioligands provide potential tools to investigate the regulation of BAT further. 

2.4.3 Strengths and Limitations of PET Imaging 

The studies carried out in this thesis utilize four different PET radioligands and 
dynamic imaging to investigate several aspects of BAT function and regulation in 
humans. PET imaging provides an excellent non-invasive tool for investigating 
biological processes in vivo, and particularly when different imaging modalities 
are combined it offers new perspectives to physiological phenomena that occur in 
the BAT in humans. However, PET imaging also has its limitations. 
Administration of a radioligand causes exposure to ionizing radiation for the 
patient or subject, which limits the number of studies that can be done on one study 
subject. For example, administering 150 MBq of [18F]FDG results in an effective 
dose of 2.85 mSv, whereas the mean annual background radiation dose in Finland 
is 3.2 mSv. Although the effects of such a dose on individual health are minimal, 
ethical guidelines and restrictions have been set to limit the radiation burden for 
healthy individuals and ensure their safety (Radiation and Nuclear Safety 
Authority (STUK), n.d.). PET imaging cannot investigate more than one function 
at a time, but depending on the radioligand, repeated measurements with various 
tracers can be done, as reported in this thesis. The field of view of the PET camera 
(usually 1520 cm) also somewhat limits the ability to study simultaneous 
processes at the whole-body level with dynamic imaging. Furthermore, the 
resolution of PET images in this study is about 3.5 mm, which limits the 
visualization of smaller molecular processes. However, with highly specific 
radioligands and mathematical modeling in combination, PET can quantify many 
biological processes with high precision. PET data can also be combined with 
biopsy data and metabolic measures such as energy expenditure and blood values, 
which expand the understanding of biological phenomena. 
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3 AIMS OF THE STUDY 

The purpose of this study was to investigate endogenous factors that regulate 
human brown adipose tissue function. Another aim was to assess the use of 
different PET radioligands for BAT imaging in humans. 

The specific aims of the study were to: 

1) Investigate whether hyperthyroidism increases the metabolism of BAT in 
humans, and whether the change is reversible after successful treatment of 
the condition.   

2) Investigate the effects of adenosine on human BAT perfusion, and to study 
the significance of adenosine A2A receptors for human BAT. 

3) Study the cannabinoid type 1 receptors in human BAT and assess whether 
changes occur during cold-induced BAT activation. 

4) Assess whether the CB1 receptor density varies in the BAT, the WAT, the 
brain and the skeletal muscle of lean and overweight men. 
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4 MATERIALS AND METHODS 

4.1 Study subjects (I-III) 

This study includes a total of 46 subjects who each participated in one of the three 
sub-studies. The study protocols were reviewed and approved by the Ethics 
committee of the Hospital District of Southwest Finland and were conducted 
according to the principles of the Declaration of Helsinki. All participants provided 
their written informed consent.  

Study I included 10 patients (4 male, 6 female) with a novel diagnosis of 
hyperthyroidism, who had been recruited from Turku University Hospital and 
Helsinki University Hospital. Nine of the patients had Graves’ disease with 
elevated TSH receptor antibodies, and one patient had toxic multinodular goiter. 
All patients had clinical symptoms and biochemically confirmed hyperthyroidism 
(plasma TSH <0.05 mU/L, and plasma free T4 >19 pmol/L, and/or plasma free T3 
>6.0 pmol/L). Five of the hyperthyroid patients (1 male, 4 female) returned for 
follow-up studies after treatment of the disease with either total thyroidectomy 
combined with levothyroxine replacement therapy (n=2), or 18 months of 
carbimazole treatment (n=3). At the time of the follow-up studies, all 5 participants 
were clinically and biochemically euthyroid. Eight healthy, euthyroid individuals 
(2 males, 6 females) participated as control subjects in study I. 

Study II included 10 healthy, lean men. Study III included 18 healthy men who 
were divided into a lean group or an overweight/obese group, based on the 
combined assessment of BMI (lean < 25 kg/m2), waist circumference (lean < 100 
cm) and body fat percentage (lean < 20%) (Table 1.). This combined assessment 
was used to estimate the individual’s excess of adiposity, since BMI alone is not 
always accurate enough especially in men who have an excess of muscle mass, but 
a low waist circumference and a low fat percentage. Therefore, subjects with a 
BMI in the range of 25.126.9 were divided into the lean or overweight group 
based on their waist and body fat percentage values. 

All 46 subjects and patients were screened for medical history, health and 
metabolic status. Apart from the hyperthyroid patients (10), all subjects had been 
determined healthy by means of clinical examination, blood tests and 
anthropometric measurements. Exclusion criteria applied to the healthy 
participants included: 
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1. Any significant disease (e.g. diabetes, asthma, thyroid dysfunction, blood 
pressure ≥160/100 mmHg, cardiovascular disease, psychiatric disorder, 
malignancies) 

2. Regular use of medication 
3. Smoking or use of nicotine products 
4. Pregnancy or lactation 
5. Presence of ferromagnetic objects in the body (contraindicating MRI) 
6. Previous participation in PET studies 
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4.2 Study design 

4.2.1 Study I (ThyBAT) 

In study I, the activation of BAT and other tissues was measured in a group of 
hyperthyroid patients and a control group of healthy individuals. Additionally, five 
of the originally hyperthyroid patients who had become euthyroid after treatment 
for the disease participated in a follow-up study. All study participants had a PET 
scan of the cervicothoracic region after an overnight fast, in room temperature 
(RT) conditions. Glucose uptake and perfusion of BAT, WAT, the thyroid gland 
and skeletal muscle were quantified by using [18F]FDG and [15O]H2O PET 
imaging, respectively. Anatomical reference was obtained by CT (n=5 from the 
hyperthyroid group) or MRI (n=18; including the control group, 5 hyperthyroid 
subjects and 5 re-studied subjects after treatment). Energy expenditure was 
measured using indirect calorimetry 3040 minutes before the PET examination 
commenced.  

 
Figure 5. Clinical PET study design (I). *In (n=18) subjects MRI was used 
instead of CT for anatomical reference. 

4.2.2 Study II (AdenoBAT) 

In study II, the effects of adenosine on BAT perfusion, and the density of A2ARs 
in BAT were investigated in healthy, lean men. PET/CT imaging was performed 
on two separate days in random order, once in RT conditions and once during 
controlled cold exposure. Perfusion of BAT, WAT and skeletal muscle were 
measured with [15O]H2O-PET/CT at baseline, during intravenous infusion of 
adenosine, and during controlled cold exposure. A2ARs in BAT, WAT and muscle 
were quantified using [11C]TMSX-PET/CT twice; at baseline under RT conditions 
and also during cold exposure. Before imaging, the study subjects fasted overnight 
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and avoided caffeine and strenuous exercise for a minimum of 24 hours. Energy 
expenditure was measured by using indirect calorimetry at baseline and during the 
cold exposure. 

 
Figure 6. Clinical PET study design (II). Modified from Lahesmaa et al., 2018. 

4.2.3 Study III (CANBAT) 

In study III, the CB1Rs in human BAT and other tissues were studied in lean and 
overweight/obese men. Clinical data were complemented by PET studies with rats 
and in vitro cell experiments (see section 4.8). Each study subject (18 healthy men, 
9 lean, 9 overweight/obese) took part in three study visits in the fasting state. CB1R 
density in BAT, WAT, skeletal muscle and brain was measured using 
[18F]FMPEP-d2 PET/CT imaging once in RT conditions and once during 
controlled cold exposure. The glucose uptake of BAT was quantified using 
[18F]FDG PET/MR imaging of the cervicothoracic area during cold exposure. 
Energy expenditure was measured in RT and in cold conditions by indirect 
calorimetry. Tissue biopsies of the supraclavicular BAT were obtained from nine 
(5 lean, 4 overweight/obese) of the 18 study subjects, who had given their 
additional written informed consent. 
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Figure 7. Clinical PET study design (III). Modified from Lahesmaa et al., 2018. 

4.3 Cold Exposure (II-III) 

A standardized cooling protocol was used in studies II and III. In study II, cold 
exposure was performed on one of the two study days. In study III, cold exposure 
was performed on two days, prior to the [18F]FDG PET/MR scan, and also before 
one of the PET/CT scans with [18F]FMPEP-d2. The subject lay in the supine 
position between two cooling blankets (Blanketrol III, Cincinnati Sub-Zero, 
Cincinnati, OH, USA) with chilled flowing water for two hours prior to the PET 
scan. The temperature was gradually decreased from RT and adjusted individually 
to maintain a subjectively cold temperature but avoid muscle shivering (average 
temperatures: study II 16.2 ± 1.6 °C, study III 15.1 ± 2.6 °C). All subjects reported 
subjective cold sensation before and during the scans. Blood samples were 
acquired before and after cooling, and electrocardiography was monitored during 
the cooling protocol. Cooling was maintained by the cooling blankets during the 
PET/CT scans, whereas iced gel packs were placed on the legs and upper body 
during the PET/MR scans when needed. PET scans were performed over all 
seasons, as this could not be fully controlled due to the availability of PET scanners 
and scheduling issues. However, the cold exposure protocol was standardized for 
all subjects, thus the times and particularly seasonal variance between individual 
baselines and cold measurements were minimized. 
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Figure 8. A healthy subject during the cooling protocol prior to PET imaging. 
The temperature of the cooling blankets was decreased individually. Indirect 
calorimetry and ECG were recorded simultaneously. Photo by Minna 
Lahesmaa. 

4.4 PET Imaging (I-III) 

4.4.1 Production of Radioligands 

PET scans were all performed at the Turku PET Centre, Finland. All radioligands 
in this study ([18F]FDG, [15O]H2O, [18F]FMPEP-d2, and [11C]TMSX) were 
produced in the Radiopharmaceutical Chemistry Laboratory of the Turku PET 
Centre as previously described (Donohue et al., 2008; Hamacher et al., 1986; 
Komar et al., 2012; Rissanen et al., 2013). Radiochemical purity exceeded 95% in 
every batch used.  
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4.4.2 PET Image Acquisition 

Before each PET scan, two venous catheters (one for each arm) were inserted into 
the antecubital veins of the study subject, one catheter for the administration of 
PET radioligands and the other on the contralateral arm for obtaining blood 
samples. In study II, an arterial cannula placed in the radial artery was used for 
blood sampling, and in studies I and III arterialized venous blood samples were 
obtained. The subject was placed in a supine position in the PET scanner with 
primarily the cervicothoracic area in the axial field of view, including the 
supraclavicular BAT depots. Dynamic image acquisition was used in each study, 
which commenced immediately after injection of the radioligand. In addition to 
the cervicothoracic area, the abdomen and brain were scanned in study III. 

To measure tissue perfusion in the cervical region, 900 MBq of [15O]H2O was 
injected intravenously and a dynamic scan was performed for 5 or 6 minutes (I, 
II). Glucose uptake measurements were performed by injecting 185 MBq of 
[18F]FDG (I) or 150 MBq of [18F]FDG (III) intravenously, followed by a 30 or 40 
min dynamic scan, respectively. The CB1R density was quantified by injecting 
150 MBq of [18F]FMPEP-d2  then dynamic scans of the cervicothoracic area (for 
60 min), the abdomen (for 9 min) and the brain (for 9 min + 9 min) were conducted 
(III). The A2AR density was measured by injecting 500 MBq of [11C]TMSX 
intravenously, followed by a dynamic scan of the cervicothoracic area for 60 
minutes (II). 

Study I was performed using PET or PET/CT scanners (PET GE Advance, 
PET/CT GE Discovery VCT, or Discovery PET/CT 690 scanner; General Electric 
Medical Systems), combined with anatomical reference using CT or MR imaging 
(Philips Gyroscan Intera CV Nova Dual 1.5 T MRI scanner). In study III, 
[18F]FDG scans were performed using a 3T Philips Ingenuity TF PET/MR scanner 
(Philips Health Care), whereas studies II and III used the PET/CT GE Discovery 
VCT scanner (General Electric Medical Systems). 

4.4.3 PET Image Analysis 

Carimas software (versions 2.0 and 2.9, Turku PET Centre, Turku, Finland) were 
used for analyses of the PET images. Three-dimensional regions of interest (ROI) 
were manually drawn on the fused PET/CT or PET/MR images. BAT ROIs were 
drawn bilaterally on the supraclavicular adipose tissue depots, carefully avoiding 
blood vessels or other tissues. The ROIs of WAT were determined subcutaneously 
in the neck region (I, II) or both subcutaneously and intraperitoneally in the 
abdominal region (III). BAT and WAT ROIs included only voxels with CT 
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Hounsfield units (HU) within the adipose tissue range (-50 to -250 HU) (U Din et 
al., 2017). Study III additionally used MRI signal fat fraction maps for determining 
adipose tissue in the neck area. Skeletal muscle ROIs were drawn bilaterally on 
the trapezius or supraspinatus muscles, and in study I, ROIs were also drawn on 
the thyroid gland. Regional time-activity-curves (TAC) of the tissues were 
calculated from the dynamic images. 

4.4.3.1 Modelling 

Glucose uptake was quantified from [18F]FDG scans (I, III), by using graphical 
analysis to calculate the fractional rate of tracer uptake (Ki) (Patlak and Blasberg, 
1985). The input function for graphical analysis was derived from arterialized 
venous blood samples (I) or graphically from the aortic arch (III) (Liukko et al., 
2007; Orava et al., 2011). The rate of glucose uptake (micromoles per gram per 
minute) was calculated by multiplying Ki by the plasma glucose concentration 
determined for the study subject and dividing this by the lumped constant of 
adipose tissue (Virtanen et al., 2001) or skeletal muscle (Peltoniemi et al., 2000). 
For thyroid tissue, the lumped constant value of 1 was used. 

For perfusion assessment from [15O]H2O images (I, II), the standard 1-tissue 
compartment model was used, fitting K1, k2, and VA. The input function was 
derived graphically from the aortic arch of the PET image, as previously described 
(U Din et al., 2016).  

The density of receptors in a tissue can be quantified by calculating the distribution 
volume (VT) of a radioligand, as was done in studies II and III. VT is defined as the 
ratio of the concentration of the radioligand in tissue to the concentration of the 
radioligand in plasma of the subject, at equilibrium (Oikonen, n.d.). VT of 
[18F]FMPEP-d2 images (III) were calculated from the supraclavicular BAT 
regions by applying the reversible one-tissue compartmental model, using the 
metabolite corrected plasma TAC as the model input. Model parameters K1, k2, 
and Vb represent the unidirectional transport of the tracer from plasma to tissue, 
transport back from tissue to plasma, and the vascular volume fraction in tissue, 
respectively. Equilibrium VT is calculated as K1/k2 ratio. This method has been 
successfully used previously in rodents (Eriksson et al., 2015). For this analysis, 
the input function was formed by combining an image-derived TAC from the 
aortic arch (for the first 60 minutes) with the manual plasma samples from later 
time points. The image-derived blood curve was converted to a plasma curve using 
individual hematocrit values and an empirical function that describes the 
population-based red-blood-cell-to-plasma ratio as a function of time. The final 
plasma TAC was then corrected for the fraction of non-metabolized radioligand.  
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The [18F]FMPEP-d2 PET acquisition of the abdominal and brain areas did not start 
directly after radioligand injection, consequently VT could not be calculated. 
Therefore, fractional uptake rate (FUR) was used to estimate and compare the 
CB1R density of BAT, abdominal subcutaneous WAT, intraperitoneal WAT and 
brain. The FUR of [18F]FMPEP-d2 was calculated for all of the analyzed tissues by 
dividing the tissue radioactivity concentration at X min by the AUC0-X of the 
metabolite corrected plasma curve. Values of BAT VT correlated with BAT FUR 
in both RT and cold conditions (RT R=0.80, P<0.001, cold R=0.73, P=0.001), 
which indicates that FUR is indeed suitable for estimating the uptake of 
[18F]FMPEP-d2, when VT is unavailable. FUR images of the brain were calculated 
with the same principles and analyzed using SPM12 software 
(www.fil.ion.ucl.ac.uk/spm/). 

VT for [11C]TMSX (II) in the BAT, WAT, and muscle tissues was calculated using 
multiple-time graphical analysis for reversible tracer uptake, known as the Logan 
plot (Logan et al., 1990). Again, an image-derived TAC obtained from the aortic 
arch of the PET image (for the first 5 minutes) combined with manual arterial 
plasma samples from later time points were used to form an accurate input 
function. To do this, the image-derived blood curve was converted to plasma using 
individual hematocrit values, assuming that radioactivity concentration in the 
blood cells is zero. The plasma TAC was then corrected for the fraction of 
unchanged radioligand. The start time for the Logan plot line fit was set to 15 
minutes. This analysis method was compared with the standard procedure of using 
only arterial blood samples as input, obtaining fully comparable results. 

4.5 Indirect Calorimetry (I-III) 

Energy expenditure (EE) was measured using indirect calorimetry (Deltatrac II; 
Datex-Ohmeda) under RT conditions (I-III) and during cold exposure (II-III). 
Data were collected before PET imaging, for 4560 minutes.  These collected data 
were cleaned when outlier measurements i.e. measurements that deviated more 
than 1.5 SD from the mean, vO2, vCO2, EE or respiratory quotient values (caused 
by irregular breathing) were excluded from the analyses. The first 15 min of the 
calorimetry data were also excluded, in order to measure the steady state. Whole-
body EE, substrate utilization rates, and respiratory quotients were calculated 
according to the Weir equation (Weir, 1949) and the manufacturer’s equations 
(Meriläinen, 1987) using Matlab (Version: R2011a). Protein oxidation was 
accounted for in the equations by assuming urinary nitrogen to be 13 g/24 h. 
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4.6 Biochemical Analyses (I-III) 

Most biochemical analyses of blood samples were performed at the Turku 
University Hospital using standard assays as previously described (Orava et al., 
2011; U Din et al., 2017). Plasma glucose concentration was determined by a 
glucose oxidase method (Analox GM9 Analyzer, Analox Instruments). Insulin, 
TSH, free T4, and free T3 plasma concentrations were measured using 
electrochemiluminescent immunoassay-based methods (Modular E170 automatic 
analyzer; Roche Diagnostics GmbH). Concentrations of serum TSH receptor 
antibodies were determined using the TRAK Human Radioimmunoassay method 
with human recombinant antigens (Multiskan EX 355 spectrophotometer; Thermo 
Fischer Scientific). Serum free fatty acid (FFA) and triglyceride values were 
measured using the enzymatic colorimetric method. The FFA were determined 
using the ACS-ACOD Method (Wako Chemicals GmbH, Neuss, Germany). A 
Cobas 8000 c502 Analyzer (Roche Diagnostics GmbH, Mannheim, Germany) was 
used for triglyceride analysis. Plasma concentrations of total cholesterol and high 
density lipoprotein (HDL) cholesterol, were measured photometrically (Modular 
P800, Roche Diagnostics GmbH). Concentration of low-density lipoprotein (LDL) 
was calculated using the Friedewald equation (Friedewald et al., 1972). Plasma 
noradrenaline values were measured in the laboratory of Eastern Finland (ISLAB, 
Kuopio, Finland) with high-performance liquid chromatography (HPLC). 

4.7 Biopsy Procedures and Analysis (III) 

Of the 18 study subjects recruited for study III, a total of 9 subjects additionally 
gave their written informed consent for acquiring BAT biopsies from the 
supraclavicular neck region. Biopsies of BAT were taken by a plastic surgeon 
through one small skin incision, using local anesthesia in sterile, operating room 
conditions and with an anesthesiologist monitoring the procedure. Anatomical 
location of BAT was pre-determined with [18F]FDG PET/MR or [15O]H2O 
PET/CT images. After removal, samples were immediately snap-frozen into liquid 
nitrogen and stored at -70°C until analysis, or preserved in formalin for H&E 
staining. The presence of BAT or WAT in the samples was verified by a 
pathologist, in the Department of Pathology of the Turku University Hospital. The 
mRNA expression of human CB1R and CB2R, UCP1 and β3-AR in BAT were 
analyzed using polymerase chain reaction (PCR) methods in the University of 
Bonn, Germany. 
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by irregular breathing) were excluded from the analyses. The first 15 min of the 
calorimetry data were also excluded, in order to measure the steady state. Whole-
body EE, substrate utilization rates, and respiratory quotients were calculated 
according to the Weir equation (Weir, 1949) and the manufacturer’s equations 
(Meriläinen, 1987) using Matlab (Version: R2011a). Protein oxidation was 
accounted for in the equations by assuming urinary nitrogen to be 13 g/24 h. 
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4.6 Biochemical Analyses (I-III) 

Most biochemical analyses of blood samples were performed at the Turku 
University Hospital using standard assays as previously described (Orava et al., 
2011; U Din et al., 2017). Plasma glucose concentration was determined by a 
glucose oxidase method (Analox GM9 Analyzer, Analox Instruments). Insulin, 
TSH, free T4, and free T3 plasma concentrations were measured using 
electrochemiluminescent immunoassay-based methods (Modular E170 automatic 
analyzer; Roche Diagnostics GmbH). Concentrations of serum TSH receptor 
antibodies were determined using the TRAK Human Radioimmunoassay method 
with human recombinant antigens (Multiskan EX 355 spectrophotometer; Thermo 
Fischer Scientific). Serum free fatty acid (FFA) and triglyceride values were 
measured using the enzymatic colorimetric method. The FFA were determined 
using the ACS-ACOD Method (Wako Chemicals GmbH, Neuss, Germany). A 
Cobas 8000 c502 Analyzer (Roche Diagnostics GmbH, Mannheim, Germany) was 
used for triglyceride analysis. Plasma concentrations of total cholesterol and high 
density lipoprotein (HDL) cholesterol, were measured photometrically (Modular 
P800, Roche Diagnostics GmbH). Concentration of low-density lipoprotein (LDL) 
was calculated using the Friedewald equation (Friedewald et al., 1972). Plasma 
noradrenaline values were measured in the laboratory of Eastern Finland (ISLAB, 
Kuopio, Finland) with high-performance liquid chromatography (HPLC). 

4.7 Biopsy Procedures and Analysis (III) 

Of the 18 study subjects recruited for study III, a total of 9 subjects additionally 
gave their written informed consent for acquiring BAT biopsies from the 
supraclavicular neck region. Biopsies of BAT were taken by a plastic surgeon 
through one small skin incision, using local anesthesia in sterile, operating room 
conditions and with an anesthesiologist monitoring the procedure. Anatomical 
location of BAT was pre-determined with [18F]FDG PET/MR or [15O]H2O 
PET/CT images. After removal, samples were immediately snap-frozen into liquid 
nitrogen and stored at -70°C until analysis, or preserved in formalin for H&E 
staining. The presence of BAT or WAT in the samples was verified by a 
pathologist, in the Department of Pathology of the Turku University Hospital. The 
mRNA expression of human CB1R and CB2R, UCP1 and β3-AR in BAT were 
analyzed using polymerase chain reaction (PCR) methods in the University of 
Bonn, Germany. 
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4.8 Pre-clinical studies (III) 

PET studies were performed on rats using the radioligands [18F]FMPEP-d2 and 
[18F]FDG. All animal experiments were approved by the Regional State 
Administrative Agency for Southern Finland, and animal care complied with the 
principles of laboratory animal care and with guidelines of the International 
Council of Laboratory Animal Science. Sprague Dawley rats (n=39, male, 810 
weeks old, 228 ± 28g) were bred at the animal facility of the University of Turku. 
The animals were housed at 21 ± 3°C, in an atmosphere of humidity 55 ± 15%, 
with a light period from 6.00 a.m. to 6.00 p.m. All animals had free access to RM1 
(E) chow and tap water.  

Rats were divided into three groups. Prior to PET scanning, each rat was 
administered 1) radioligand alone, or radioligand following 10 min intravenous 
pre-administration of 2) β3-AR agonist CL 316243 (2 mg/kg) or 3) CB1R 
antagonist rimonabant (2 mg/kg). Each rat was sedated and positioned in the 
PET/CT scanner with the interscapular BAT positioned in the center of the field 
of view.  

The [18F]FMPEP-d2 PET scans were performed in 24 rats (n=8 from each 
treatment group). The radioligand was administered i.v. in the tail vein (9.7 ± 2.0 
MBq) and a PET scan was performed for 120 min. VT of [18F]FMPEP-d2 in BAT 
in each rat was calculated in the PMOD kinetic modeling module (PKIN, PMOD 
technologies, Zurich, Switzerland) using the one-tissue compartment model as 
previously described (Eriksson et al., 2015). The [18F]FDG PET scans were 
performed in another group of rats (15 rats, n=5 from each treatment group). 
[18F]FDG was administered i.v. via the tail vein (20.1 ± 1.6 MBq) and a PET scan 
was performed over 60 min. The glucose utilization in BAT was estimated by 
fitting the PET data to a [18F]FDG two-tissue compartment model, using a lumped 
constant of 1.3.  

Ex vivo organ distribution measurements were done after PET imaging. Each 
animal was sacrificed (120 min post [18F]FMPEP-d2 injection (n=24) or 60 min 
post [18F]FDG injection (n=15)). Tissues were excised and measured in an 
automatic γ-counter (Wizard2, PerkinElmer, Finland). Measured radioactivity was 
corrected for decay, weight of the organ, and background, and it was expressed as 
percentage of the injected dose/gram of tissue (%ID/g). 

Additionally, in vitro cell experiments were performed using PCR methods in the 
University of Bonn, Germany. Human multipotent adipose-derived stem cells 
(hMADS) and human white adipocytes were differentiated as previously described 
(Rodriguez et al., 2005). mRNA expression of CB1Rs and CB2Rs cannabinoid 
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were measured in brown and white adipocytes with and without noradrenaline 
stimulation (incubation with 1 µM noradrenaline for 16 h). Further 
pharmacological experiments were also performed in brown adipocytes. Glucose 
uptake and glycerol release were measured after treatment with CB1R antagonist, 
CB1R agonist, CB2R antagonist or CB2R agonist. Cells were treated with 100 nM 
of each antagonist/inverse agonist (CB1R: SR141716A; CB2R: SR144528), each 
agonist (CB1R: ACEA; CB2R: JWH133), and/or 1 µM of noradrenaline. The 
glucose uptake assays (Abcam #136955) and lipolysis assays (Sigma-Aldrich) 
were then performed according to the manufacturer’s instructions. 

4.9 Statistical Analyses 

The statistical analyses were performed using SAS software (version 9.2, SAS 
Institute Inc.) (I), JMP Pro 12.1 software (II), and IBM SPSS software (version 
23.0) (III). All data are presented as means ± SD. T-tests were used to test the 
significance of differences between data of two different study groups (The 
Student’s t-test for unpaired) or to compare changes within study subjects (The 
paired t-test). Natural logarithmic transformations were applied for data that were 
not normally distributed. Correlations were analyzed using the Pearson correlation 
test or the Spearman correlation test when applicable. P-values of <0.05 were 
considered significant. 
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5 RESULTS 

5.1 Effect of Excess Thyroid Hormones on BAT, Skeletal Muscle 
and Whole-Body Metabolism (I) 

The 10 hyperthyroid patients had a 3-fold glucose uptake (GU) in BAT, compared 
to healthy control subjects (2.7 ± 2.3 vs. 0.9 ± 0.1 µmol/100g/min, P=0.0013). 
However, perfusion of BAT was similar in both groups. The GU of BAT increased 
during hyperthyroidism, whereas the GU of WAT did not change. Plasma levels 
of thyroid hormones correlated with BAT GU (free T4 R=0.53, P=0.03; free T3 
R=0.62, P=0.006; TSH R= -0.76, P<0.001). Five of the patients were followed-up 
after treatment of hyperthyroidism, and BAT GU was restored and decreased to 
similar levels to those of the control subjects in four of these five patients (2.1 ± 
0.7 vs. 0.9 ± 0.3 µmol/100g/min, P=0.014, n=4). 

Hyperthyroidism also increased GU of the skeletal muscle, but to a lesser extent. 
GU was 88% higher in hyperthyroid patients, compared to healthy controls (1.9 ± 
0.6 vs. 1.0 ± 0.3 µmol/100g/min, P=0.0019). After treatment of the condition and 
the restoration of euthyroidism the same four individuals that had restored BAT 
GU, also had decreased GU of the skeletal muscles (2.3 ± 0.7 vs. 0.9 ± 0.2 
µmol/100g/min, P=0.026, n=4). Thyroid hormone concentrations correlated 
positively with GU of skeletal muscle, whereas TSH correlated negatively (free T4 
R=0.64, P=0.010; free T3 R=0.81, P<0.001; TSH R= -0.80, P<0.001). 

Perfusion of skeletal muscle in the hyperthyroid state was twice as high compared 
to healthy controls (9.2 ± 5.3 vs. 4.4 ± 3.3 ml/100g/min, P=0.040), and again 
perfusion decreased back to a similar level as those of controls after restoration of 
euthyroidism (hyperthyroid 12.3 ± 5.5 vs. euthyroid 6.8 ± 2.6 ml/100g/min, 
P=0.057, n=4). Due to the large blood volume of the thyroid gland, the one-
compartment model was not accurate enough to calculate and quantify thyroid 
gland perfusion, but qualitatively thyroid perfusion was distinctly increased. 
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Figure 9. Glucose uptake of BAT and skeletal muscle in hyperthyroid patients, 
patients after treatment in the euthyroid state, and in healthy controls. 
***P=0.0013, **P=0.0019.  Modified from Lahesmaa et al., 2014 (I).  

 

 

 

Figure 10. Glucose uptake from the WAT and the thyroid gland in healthy 
controls, hyperthyroid patients and in the patients after treatment in euthyroid 
state. Modified from Lahesmaa et al., 2014 (I). 
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Figure 11. Perfusion of BAT, skeletal muscle and WAT in healthy controls, 
hyperthyroid patients and in the patients after treatment in the euthyroid state. 
Error bars are standard deviations. *P<0.05, hyperthyroid vs. healthy subjects; 
(*)P=0.057, pretreatment vs. posttreatment, n=4. Modified from Lahesmaa et 
al., 2014 (I). 

 

Hyperthyroidism induced a significant increase in energy expenditure (8.2 ± 1.5 
vs. 5.6 ± 0.7 MJ/24 h, P=0.005). The utilization of lipids as an energy substrate 
was significantly higher in hyperthyroid patients compared to healthy controls (5.0 
± 1.5 vs. 2.9 ± 0.8 MJ/24 h, P=0.001), and after restoration of euthyroidism it 
decreased on average by 1.7 MJ/24 h (P<0.001, n=5). Furthermore, plasma levels 
of free T4, free T3 and TSH correlated significantly with both EE and the utilization 
of lipids. There was no significant difference in use of carbohydrates between 
groups. After the restoration of euthyroidism, BMI increased in the patients who 
were followed-up (22.5 ± 2.4 vs. 24.0 ± 2.7, P<0.001, n=5). 
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Figure 12. Correlations between thyroid hormones (T4 = thyroxine, T3 = 
triiodothyronine) and energy expenditure (EE) or lipid utilization. Modified 
from Lahesmaa et al., 2014 (I). 

5.2 Perfusion of BAT, WAT and Skeletal Muscle during cold and 
adenosine stimulation (II) 

Cold exposure in healthy lean men increased BAT perfusion 2.4-fold compared to 
baseline conditions (basal 8.3 ± 4.5 vs. cold 19.6 ± 9.3 ml/100g/min, P=0.006). 
Adenosine caused a maximal perfusion effect in BAT, which was even higher than 
during cold exposure (cold 19.6 ± 9.3 vs. adenosine 28.6 ± 7.9 ml/100g/min, 
P=0.003). No significant changes in perfusion were observed in WAT or in skeletal 
muscle during cold exposure. However, adenosine also increased perfusion in 
skeletal muscle (2.2 ± 1.1 vs. 19.4 ± 21.9, P=0.040) and WAT (2.1 ± 0.8 vs. 10.6 
± 7.4, P=0.004). During adenosine stimulation, perfusion of BAT was 2.7-fold 
compared to WAT.  
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Figure 13. A. Perfusion of BAT, skeletal muscle and WAT (n=10) at baseline, 
during cold exposure and during i.v. adenosine administration. B. Perfusion 
in BAT, depicting individual change from baseline to cold, and from baseline 
to adenosine stimulation. Error bars are standard deviations. *P<0.05, **P<0.01 
and ***P<0.001. C.–E. Coronal [15O]H2O-PET/CT images of BAT from one 
study subject in all three study conditions, arrows depict supraclavicular BAT. 
Modified from Lahesmaa et al., 2018 (II). 
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5.3 Adenosine A2A Receptors in Human BAT (II) 

To study the role of adenosine A2A receptors in human BAT, volume distribution 
(VT) of the radioligand [11C]TMSX was calculated, to estimate the A2AR density 
of the tissue. VT of [11C]TMSX was significantly lower in BAT during cold 
exposure compared to baseline conditions (cold 0.90 ± 0.10 vs. baseline 1.24 ± 
0.21, P=0.006). This indicates that the A2AR sites are predominantly occupied by 
endogenous ligand, hence fewer are available for radioligand binding during cold 
exposure. No significant changes in A2AR density were observed in WAT or 
skeletal muscle. Plasma noradrenaline values increased simultaneously with 
decreased A2AR radioligand binding in BAT. 

Compared to RT conditions, cold exposure markedly increased plasma 
noradrenaline levels (2.06 ± 0.65 vs. 5.06 ± 1.42, P<0.0001). Similarly, during 
cold exposure plasma levels of FFAs and triglycerides as well as EE and utilization 
of lipids as an energy substrate increased. BAT perfusion was doubled 
concurrently with the increases in EE, consumption of lipids and plasma FFA 
levels, while [11C]TMSX binding in BAT was simultaneously decreased. 

 
Figure 14. A. [11C]TMSX volume distribution of BAT, skeletal muscle and 
WAT (n = 8) at baseline and during cold exposure. B. [11C]TMSX volume 
distribution in BAT, depicting the individual change from baseline to cold. 
Error bars are standard deviations. **P < 0.01. Modified from Lahesmaa et al., 
2018 (II). 
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5.4 Cannabinoid Type 1 Receptors in BAT during Acute 
Adrenergic Stimulus (III) 

CB1 receptor density was quantified in human BAT and other tissues using the 
PET radioligand [18F]FMPEP-d2. Acute cold exposure in lean healthy men 
increased the fractional uptake rate (FUR) of the radioligand in BAT 3-fold, 
compared to baseline conditions. This indicates an increase in CB1R density in the 
tissue. CB1R density in overweight subjects at baseline was low, and the increase 
during cold exposure was markedly blunted, merely reaching the baseline levels 
of lean subjects. Furthermore, the uptake of [18F]FMPEP-d2 in BAT correlated 
strongly with the glucose uptake in cold (R=0.89, P<0.001). 

 
Figure 15. A. Coronal PET images of one lean study subject in all three PET 
scans, arrows depict supraclavicular BAT. B. Quantified uptake of [18F]FMPEP-
d2 in BAT. C. BAT glucose uptake correlated with BAT [18F]FMPEP-d2 FUR in 
cold conditions. *P<0.05 and **P<0.01. Modified from Lahesmaa et al., 2018 
(III). 
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Similarly, [18F]FMPEP-d2 uptake in rodents increased significantly in the 
interscapular BAT following an acute adrenergic stimulus, intravenous 
administration of β3-AR agonist. Similar to cold exposure in humans, β3-AR 
agonism increased glucose uptake in rodent BAT, which confirmed the in vivo 
activation of BAT. Pre-administration of the CB1R antagonist rimonabant to the 
rodents inhibited the [18F]FMPEP-d2 uptake in BAT and brain at basal conditions 
(P<0.0001), which indicated that the change in uptake was receptor mediated 
rather than non-specific. 

 
Figure 16. A. Uptake and B. volume distribution of [18F]FMPEP-d2 in rats and 
C. glucose uptake in rats, measured at baseline (black), with β3-agonism (blue) 
and CB1R-antagonism (red). Error bars are standard deviations. **P< 0.01 and 
****P< 0.0001, NS=non-significant. Modified from Lahesmaa et al., 2018 (III). 

 

Image-guided BAT biopsies were obtained from 9 out of the 18 study subjects (5 
lean, 4 overweight/obese subjects) in RT conditions. CB1R mRNA expression was 
confirmed from these human samples, and mRNA expression of CB1R was 
significantly higher than the mRNA expression of CB2Rs. After pooling the 
biopsy data obtained from lean and overweight subjects, mRNA expression of 
UCP1 had a positive correlation with BAT [18F]FMPEP-d2 uptake (R=0.73, 
P=0.027). 
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interscapular BAT following an acute adrenergic stimulus, intravenous 
administration of β3-AR agonist. Similar to cold exposure in humans, β3-AR 
agonism increased glucose uptake in rodent BAT, which confirmed the in vivo 
activation of BAT. Pre-administration of the CB1R antagonist rimonabant to the 
rodents inhibited the [18F]FMPEP-d2 uptake in BAT and brain at basal conditions 
(P<0.0001), which indicated that the change in uptake was receptor mediated 
rather than non-specific. 

 
Figure 16. A. Uptake and B. volume distribution of [18F]FMPEP-d2 in rats and 
C. glucose uptake in rats, measured at baseline (black), with β3-agonism (blue) 
and CB1R-antagonism (red). Error bars are standard deviations. **P< 0.01 and 
****P< 0.0001, NS=non-significant. Modified from Lahesmaa et al., 2018 (III). 

 

Image-guided BAT biopsies were obtained from 9 out of the 18 study subjects (5 
lean, 4 overweight/obese subjects) in RT conditions. CB1R mRNA expression was 
confirmed from these human samples, and mRNA expression of CB1R was 
significantly higher than the mRNA expression of CB2Rs. After pooling the 
biopsy data obtained from lean and overweight subjects, mRNA expression of 
UCP1 had a positive correlation with BAT [18F]FMPEP-d2 uptake (R=0.73, 
P=0.027). 
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Figure 17. mRNA expression of cannabinoid receptors (CB1, CB2), β3-ARs and 
UCP1 in human supraclavicular BAT samples. Correlations between PET 
imaging data and UCP1 mRNA expression. Error bars represent standard 
deviations. *P<0.05 and **P<0.01. Modified from Lahesmaa et al., 2018 (III). 

 

The CB1Rs were also studied in vitro in a human brown adipocyte cell line 
(hMADS) and primary human white adipocytes. CB1R mRNA expression was 
significantly higher in brown than in white adipocytes. Treatment with 
noradrenaline significantly increased CB1R mRNA expression in brown 
adipocytes but decreased the expression in white adipocytes. No changes were 
observed in CB2R mRNA expression during noradrenaline stimulation.  

The function of human brown adipocytes in vitro was further studied during 
cannabinoid receptor agonism and antagonism. Blockade of CB1R (with 
rimonabant) increased glucose uptake and glycerol release of brown adipocytes. 
Activation of brown adipocytes with noradrenaline increased glucose uptake, and 
CB1R antagonism further enhanced this increase. However, CB1R stimulation, 
CB2R stimulation and CB2R blockade had no significant effect on glucose uptake 
or on lipolysis.  
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Figure 18. mRNA expression of type 1 (CB1) and type 2 (CB2) cannabinoid 
receptors in A. human brown adipocytes (BA) and B. white adipocytes (WA), 
with and without noradrenaline (NA) stimulation. C. Glucose uptake and D. 
glycerol release in rodent BA with pharmacological stimuli. Antagonist 
(Antago), agonist (Ago). Error bars indicate standard deviations. *P<0.05; 
**P<0.01 and ***P<0.001. Modified from Lahesmaa et al., 2018 (III). 
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5.5 Effect of Overweight on the CB1R Density of Tissues (III) 

The CB1Rs were also quantified in other tissues of lean and overweight/obese 
men. The CB1R density of the brain under baseline conditions was 23% lower in 
the overweight subjects than in their lean counterparts. Cold exposure caused 
changes in the CB1R density of both lean and overweight subjects. In the pooled 
group of lean and overweight subjects, the CB1R density increased, (P=0.033) 
specifically in the anatomical areas of the midbrain, pons and parietal lobe. 
Furthermore, a positive correlation was found between [18F]FMPEP-d2 uptake in 
BAT and brain gray matter, in cold conditions (P<0.0005) but not at baseline. In 
addition to the changes in the brain, uptake of [18F]FMPEP-d2 was significantly 
lower in the subcutaneous and intraperitoneal WAT of overweight subjects, 
compared to lean subjects. However, uptake in skeletal muscle was similar in both 
groups. [18F]FMPEP-d2 uptake in BAT correlated negatively with BMI. 

 

 
Figure 19. A. [18F]FMPEP-d2 uptake at baseline conditions and during cold 
exposure of lean and overweight subjects in brown adipose tissue (BAT), 
subcutaneous white adipose tissue (SC WAT), intraperitoneal white adipose 
tissue (IP WAT), skeletal muscle and brain gray matter. Error bars are standard 
deviations. *Paired t-test comparing the baseline and cold conditions, 
*P<0.050, **P<0.010, (*)P=0.070. ¤Independent t-test comparing the lean and 
overweight groups, ¤P<0.05, ¤¤P<0.01. B. Pearson’s correlation between BMI 
and BAT [18F]FMPEP-d2 uptake in cold of lean (triangle) and overweight 
(circle) subjects. 
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Figure 20. A. PET brain images of fractional uptake rate (FUR) of [18F]FMPEP-
d2 in one lean and one obese subject at baseline and cold conditions. B-C. 
Pearson’s correlation between [18F]FMPEP-d2 FUR values of BAT and the 
midbrain region of interest in cold and baseline conditions, pooled lean and 
overweight subjects. Dark blue=lean cold, light blue=overweight cold, 
orange=lean baseline, yellow=overweight baseline. Modified from Lahesmaa 
et al., 2018 (III).  
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6 DISCUSSION 

Since the re-discovery of metabolically active BAT in humans, research has been 
aiming to understand the regulatory mechanisms of this tissue. There are many 
factors which fine-tune the metabolic response of BAT, which are still unexplored. 
Numerous studies have been published using rodent models that provide very 
important insight into BAT physiology and regulation. It is, however, also 
necessary to obtain data from humans, in order to translate novel findings into 
potential treatments that will improve human health and metabolism. The work in 
this thesis focused on studying the regulation of BAT in human cohorts, 
specifically investigating three endogenous regulatory factors, namely the thyroid 
hormones, the adenosinergic system, and the endocannabinoids.  

6.1 Thyroid hormones 

Thyroid hormones in humans seem to have direct metabolic effects on BAT. 
Glucose uptake in BAT of hyperthyroid patients was 3-fold compared to healthy 
controls (study I). After treatment of the disease, BAT glucose uptake of the 
patients in the euthyroid state declined back to a level comparable to those found 
in the healthy control subjects. Although the number of study subjects (N=18) is 
small, these results confirm earlier findings that BAT function is adaptable and 
sensitive to endogenous hormonal changes in the body.  

The level of glucose uptake during hyperthyroidism in room temperature 
conditions was not as high as during cold exposure in healthy subjects, which can 
be up to 1015 fold higher (study III, Orava et al., 2011; Virtanen et al., 2009). 
However, with the use of dynamic, quantitative [18F]FDG imaging even small 
changes in glucose utilization can be detected. It was not possible in this study to 
investigate the combined effect of cold and hyperthyroidism, due to ethical 
reasons. A few recent studies have investigated this in cancer patients, both 
reporting higher [18F]FDG uptake in BAT during cold exposure during 
thyrotoxicosis compared with cold exposure during hypothyroidism (Broeders et 
al., 2016; Gavrila et al., 2017). However, those studies used semi-quantitative SUV 
measures, and the subjects were a group of cancer patients who had undergone 
thyroidectomy and thyroid hormone treatment. Another human study used semi-
quantitative [18F]FDG imaging to study hyperthyroid subjects before and after 
treatment, but they obtained contradictory findings (Zhang et al., 2014). They also 
reported higher [18F]FDG SUV in skeletal muscle during hyperthyroidism, but no 
accumulation in BAT. After treatment of hyperthyroidism, the muscle 
radioactivity of subjects decreased, and that of adipose tissue increased. (Zhang et 
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al., 2014) These variable results obtained from different human studies support the 
notion that quantitative PET imaging is necessary for the appropriate interpretation 
of [18F]FDG data. The increased metabolism and activation of skeletal muscle in 
hyperthyroid patients can change the biodistribution of [18F]FDG in the body, thus 
affecting the results. Therefore, when only relative SUV values are reported, 
misinterpretation of BAT physiology can occur.  

Hyperthyroidism also induced a significant, 45% increase in energy expenditure, 
which doubled the use of lipids as an energy substrate. A similar magnitude of 
increase in EE in response to thyrotoxicosis was reported previously in human and 
rodent studies (Klieverik et al., 2009; Møller et al., 1996). Higher EE is expected, 
since the classic symptoms of hyperthyroidism include weight loss, tremor, and 
sweating. Hyperthyroidism also increased glucose uptake and perfusion of skeletal 
muscle. It seems therefore, that BAT activation and increased muscle metabolism 
are involved in hyperthyroidism. Interestingly, BAT glucose uptake increased 
independently of changes in BAT perfusion. Several previous studies have shown 
that thyroid vascularity and blood flow is increased in patients with 
hyperthyroidism, and this can be evaluated by Doppler ultrasound techniques 
(Bogazzi et al., 1999; Caruso et al., 2000; Fobbe et al., 1989). Indeed, visual 
assessment of the PET images distinctly showed high thyroid perfusion. 
Unfortunately, the rate of thyroid perfusion could not be accurately quantified in 
this study due to the large blood volume of the tissue, which disturbed the modeling 
of PET kinetics. 

The mechanisms and synergy between thyroid hormones and BAT thermogenesis 
have been investigated in a multitude of studies that used rodent and cellular 
models. Thyroid hormones activate BAT and muscle metabolism, at least in part, 
by the direct stimulation of BAT UCP1 and muscle UCP3 gene transcription that 
is mediated through thyroid response elements located in their gene promoters 
(Rabelo et al., 1995; Solanes et al., 2005). Thyroxine also increases the expression 
of UCP1 and genes related to fatty acid oxidation and oxygen consumption in 
human multipotent adipose-derived stem cells (Lee et al., 2012). High thyroxine 
concentrations may modulate energy utilization in classic brown adipocytes and  
also in the beige cells (Wu et al., 2012), which are present in human BAT depots. 
The physiological link between BAT and thyroid hormones is regulated by the 
SNS. In rats, both systemic hyperthyroidism and central administration of T3 is 
associated with a SNS-mediated activation of BAT (López et al., 2010). 
Additionally, both peripherally induced hyperthyroidism and central T3 
administration into the ventromedial hypothalamus of rats cause browning of 
WAT (Martínez-Sánchez et al., 2017). Sympathetic activation increases 
transcription of proteins critical for BAT thermogenesis, such as PGC-1α and D2 
(Puigserver et al., 1998). Furthermore, thyroid hormones enhance the level of 
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proteins involved in the β-adrenergic pathway, thus amplifying intracellular 
signals of adrenergic stimulation (Silva and Bianco, 2008).  

Hence, there is a growing body of evidence, which shows that BAT can be 
activated in direct response to thyroid hormones. During hyperthyroidism, the 
activation of BAT and skeletal muscle by excessive thyroid hormone secretion and 
synergistic SNS activation may partly explain the increased energy expenditure 
and higher use of lipids as an energy substrate. Potentially, thyroid hormone-based 
treatments could be developed in the future to activate BAT thermogenesis and 
increase energy expenditure. However, since thyroid hormones have multiple 
systemic effects on many organs, and since changes in systemic thyroid hormone 
levels can cause various and sometimes severe symptoms in humans, possible 
treatments would have to be BAT-specific and safe for therapeutic use. (Cannon 
and Nedergaard, 2010) 

6.2 Adenosine system 

Rodent and cell studies have shown that adenosine is a potent activator of BAT 
physiology, but this has not previously been investigated in humans. Adenosine 
administration to healthy study subjects stimulated BAT and caused a maximal 
perfusion effect in the tissue (study II). Adenosine also caused increased perfusion 
in skeletal muscle and WAT, but BAT perfusion was significantly higher 
compared to WAT perfusion. BAT is a densely vascularized tissue, and adenosine 
can bind to A2AR on the vascular smooth muscle cells, which results in relaxation 
and vasodilation (Sousa and Diniz, 2017), and this may partly explain the increased 
blood flow. Nevertheless, BAT perfusion is linearly associated with the metabolic 
rate of oxygen and the energy expenditure of the tissue (Muzik et al., 2013; Orava 
et al., 2011; U Din et al., 2016). Adenosine also enhances lipolysis and increases 
the expression of thermogenic markers in BAT (Gnad et al., 2014). Pre-clinical 
studies have shown that agonism and blockade of the A2AR increases and 
decreases oxygen consumption, respectively (Gnad et al., 2014). Therefore, the 
increased perfusion observed in this human cohort is likely a combination of 
vasodilation and BAT activation.  

Rodent studies have shown that the adenosine A2AR are key in mediating the 
effects of adenosine in BAT. This thesis work measured A2AR density in human 
BAT for the first time, using the PET radioligand [11C]TMSX, which binds 
specifically to A2AR with a very high affinity. Distribution volume (VT) of the 
radioligand represents the density of A2AR available for radioligand binding in 
tissue (Leung, 2004; Naganawa et al., 2014). Interestingly, it was found that when 
BAT is physiologically activated during acute cold exposure, VT of [11C]TMSX 
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decreased, indicating fewer receptors available for binding (study II). These 
changes in receptor density were observed only in BAT, not in skeletal muscle or 
WAT.  

It is known that during cold exposure the SNS is activated, and noradrenaline and 
its co-transmitter ATP are released at the efferent nerve endings in BAT. ATP is 
quickly degraded into adenosine, inter alia, which exerts its effects on BAT 
locally. (Abbracchio et al., 2009) This locally increased concentration of adenosine 
during SNS stimulation has previously been measured in the BAT of rodents 
(Gnad et al., 2014). In line with this, decreased binding of [11C]TMSX in BAT was 
observed in human subjects, which signifies higher binding of endogenous 
adenosine that competes for the same receptors as the radioligand. Unfortunately 
adenosine could not be directly measured from blood samples in this study, 
because adenosine exerts its functions locally at a tissue level and is rapidly broken 
down to inosine (Chen et al., 2013; Zimmermann et al., 2012). There are, however, 
previous data that show increases in adenosine concentrations in BAT concomitant 
with increases in noradrenaline and ATP (Gnad et al., 2014). Systemic 
noradrenaline was therefore used in this study as an indirect measure of adenosine 
release. Increased noradrenaline levels were observed concurrently with lower 
[11C]TMSX binding in BAT, signifying that the release of endogenous adenosine 
hindered the radioligand binding during cold exposure. Similar physiological 
changes in VT of [11C]TMSX have been reported in the skeletal muscle of mice, in 
which higher endogenous adenosine release during exercise caused a decrease in 
radioligand binding (Ishiwata et al., 2004). Exposure to the receptor agonist can 
also cause desensitization, internalization or downregulation of the A2AR 
(Mundell and Kelly, 2011), which may alternatively explain the observed lower 
VT. Therefore, the specific molecular mechanisms should be studied further. 

The findings of this study highlight that adenosine and A2AR are implicated in 
cold-induced BAT activation in humans. Targeting the adenosine A2A receptors in 
BAT could provide another potential way to increase BAT function and improve 
metabolism. 

6.3 BAT perfusion  

There has recently been some speculation about whether glucose uptake and 
perfusion are optimal measures for BAT thermogenesis (Blondin and Carpentier, 
2016). A recent study using [11C]acetate as an index of perfusion showed that 
perfusion in BAT may be increased without higher oxidative metabolism of the 
tissue (Blondin et al., 2017a). Cold exposure of lean healthy men has been shown 
to increase BAT perfusion, glucose uptake and thermogenesis (Orava et al., 2011; 
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U Din et al., 2016; Virtanen et al., 2009), but in overweight individuals with or 
without type 2 diabetes, cold-stimulated BAT perfusion and glucose uptake were 
impaired (Orava et al., 2013), whereas oxidative metabolism as measured by 
[11C]acetate was not (Blondin et al., 2015b). This apparent paradox could suggest 
that BAT glucose uptake, perfusion and thermogenesis may sometimes be 
dissociated. One study in mice with high-resolution laser-Doppler imaging showed 
an increase in BAT blood flow during noradrenaline stimulation or a glucose 
injection, in mice without UCP1. The authors concluded that BAT blood flow may 
increase without actual thermogenesis, and yet, enhanced thermogenesis cannot 
occur without increased blood flow (Abreu-Vieira et al., 2015). Intravenous and 
oral glucose administration in humans also causes increased perfusion in other 
organs, such as the pancreas and the small intestine (Koffert et al., 2017). 
Furthermore, eating a mixed meal, i.e. increasing circulating glucose and insulin 
levels, increases perfusion and oxygen consumption in the BAT of healthy subjects 
(U Din et al., 2018). Nevertheless, human studies with [15O]-labeled water and 
oxygen have shown that BAT perfusion correlates positively with BAT tissue-
specific energy expenditure under both room temperature and cold conditions (U 
Din et al., 2016), and the metabolic rate of oxygen correlates strongly with tissue 
perfusion, which indicates that perfusion is a major determinant of oxidative 
metabolism in BAT (Muzik et al., 2012).  

It is noteworthy that different modalities of measuring perfusion (e.g. [11C]acetate 
and [15O]H2O PET imaging) may lead to discrepant interpretations of results, as 
every PET radioligand has its own strengths and limitations. Similarly, measuring 
glucose uptake by PET imaging provides only one measure of BAT metabolism, 
thus neglecting possible fatty acid or cholesterol uptake, which may be more 
important for BAT function. It is important to understand the properties and 
kinetics of the radioligand used, as well as the limitations. Future studies in humans 
that combine different PET radioligands will be valuable for the understanding of 
the different phenomena in BAT physiology and regulation.  

Interestingly, insulin stimulation with euglycemic-hyperinsulinemic clamp in lean 
individuals, caused increased BAT glucose extraction, whereas perfusion did not 
increase (Orava et al., 2011). Similarly, BAT glucose uptake in hyperthyroid 
patients was elevated, without increasing perfusion (study I). It may be that an 
increase of perfusion in tissues is a rapid physiological response, and perfusion 
may change acutely in accordance to different stimuli (e.g. glucose load, cold 
exposure, adrenergic stimulus). It is unclear how long the perfusion remains 
increased. Perhaps prolonged high perfusion in chronic conditions, such as 
hyperthyroidism, could be physiologically harmful, and therefore perfusion levels 
decrease to a stable level with time. Furthermore, an increased perfusion in BAT 
may be significant for providing nutrients and oxygen to the cells, for distributing 
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produced heat from BAT to other areas of the body, and also possibly for currently 
unknown purposes such as humoral or hormonal messaging between BAT and 
other organs.  

6.4 Endocannabinoid system 

The endocannabinoid system seems to play a role in regulating human BAT 
function. Acute adrenergic stimulation of BAT by cold exposure in humans or β3-
AR stimulus in rats caused a physiological increase in CB1R density in BAT 
(study III). This was confirmed in vitro in brown adipocytes, where noradrenaline 
administration increased the expression of CB1R mRNA (study III). Similar 
results have been found previously in a study with mice, which showed that the 
stimulation of BAT by cold and β3-AR agonism increased endocannabinoid levels 
in BAT (Krott et al., 2016). That same study also reported that the activation of 
primary brown adipocytes induced transcription of Cnr1, the gene that encodes 
CB1R. In a recent human study, mild cold exposure was shown to increase plasma 
endocannabinoid levels in healthy lean men (Kantae et al., 2017).  

CB1R agonism promotes a positive energy balance (Mazier et al., 2015). The up-
regulation seen in this study during cold exposure and BAT activation may be a 
negative feedback response of the ECS, where endocannabinoids, their enzymes 
and receptors are up-regulated as a potential auto-regulatory loop to inhibit 
thermogenesis (Krott et al., 2016). An acute cold stress may stimulate the ECS to 
provide more CB1Rs for endocannabinoid binding in BAT, in order to limit excess 
energy expenditure and return homeostasis towards a positive energy balance, thus 
restoring homeostasis in the body. The response is likely mediated via the central 
nervous system. 

During cold exposure, CB1Rs were also upregulated in the brain areas that are 
closely related to the sympathetic control of BAT function, namely the midbrain, 
pons and parietal lobe. Additionally, CB1R density in BAT correlated positively 
with CB1R density in the midbrain during cold exposure, but not under warm 
conditions (study III). These results indicate a relationship between the ECS, SNS 
and BAT function. Endocannabinoids are produced on demand and act primarily 
in the brain, however, they also exert important regulatory effects on metabolism 
in adipose tissue (Cani et al., 2016). The region of the midbrain includes the 
hypothalamus, which is one key site for controlling homeostasis and energy 
expenditure, and where endocannabinoids play a major regulatory role (Silvestri 
and Di Marzo, 2013). The parietal lobe receives and processes sensory input, 
including temperature, whereas the pons is a significant signaling route that inter 
alia controls autonomic functions (Jacobson and Marcus, 2008). Ambient 
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temperature is sensed in peripheral tissues and information is received and 
processed in these areas of the central nervous system, after which efferent 
sympathetic outflow is enhanced in the form of increased noradrenaline secretion 
to the BAT, which results in increased thermogenesis (Cannon and Nedergaard, 
2004). Endocannabinoid signaling in the brain and in the BAT seem to be up-
regulated acutely in a cold stimulus and this may inhibit an excessive thermogenic 
response. 

Endocannabinoid tone changes in states of obesity, and this may also affect BAT 
regulation. Many studies have shown that obesity is associated with excessive 
activation of the ECS (Mazier et al., 2015). In overweight subjects, CB1R density 
in BAT, WAT and the brain was significantly lower compared to lean subjects 
(study III), which reflects the impairment of the endogenous cannabinoid system 
in obesity. A negative association between CB1R density in the brain and BMI has 
been reported previously (Hirvonen et al., 2013, 2012). Obese subjects also have 
increased circulating endogenous cannabinoid levels, and mRNA expression of 
CB1R is lower in the WAT of obese subjects compared to lean subjects (Blüher et 
al., 2006; Engeli et al., 2005). Higher plasma endocannabinoid levels are also 
associated with increased abdominal adiposity and cardiometabolic risk factors 
(Côté et al., 2007; Di Marzo et al., 2009; Fanelli et al., 2018). These findings 
exhibit the negative feedback loop of the ECS; thus, chronically high amounts of 
circulating endocannabinoids in obesity are associated with fewer CB1R in brain 
and adipose tissue. Interestingly, BMI is also inversely related to CB1R 
availability specifically in the homeostatic and mesolimbic brain regions of normal 
weight individuals and patients with eating disorders such as anorexia nervosa and 
bulimia nervosa (Ceccarini et al., 2016). The mesolimbic reward system and eating 
behavior is partly regulated by the endogenous opioid system, and obesity is also 
associated with lower availability of µ-opioid receptors, which can be normalized 
after weight loss by bariatric surgery (Karlsson et al., 2016). Weight loss in obese 
subjects also seems to increase and normalize 2-AG levels and CB1R expression 
in WAT (Bennetzen et al., 2011), but whether losing weight can normalize CB1R 
in the brain has not yet been determined. 

It is noteworthy that CB1Rs are also present in other tissues involved in metabolic 
regulation including the liver, the intestine and the pancreas. For example, hepatic 
CB1Rs play a major role in the obesity-related development of insulin resistance 
and fatty liver disease (Tam et al., 2011). Unfortunately changes in the liver CB1Rs 
could not be investigated in this study, because the radioligand [18F]FMPEP-d2 is 
partly metabolized and excreted into bile (Terry et al., 2010). This causes high 
radioactivity and a strong PET signal in the images of the liver and the gallbladder 
of the subjects, which would have caused false results. 
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The phenomenon of increased endocannabinoid tone in obesity could be utilized 
for improving health. The CB1R antagonist, rimonabant, was previously on the 
market as a weight-loss drug, with good efficacy in obese patients. Rimonabant 
administration demonstrated that blocking the ECS can enhance the following 
metabolic factors: a decrease in waist circumference, improve systemic glucose 
levels and improve systemic lipid values (Christopoulou and Kiortsis, 2011). Due 
to its psychiatric adverse effects, rimonabant had to be removed from clinical use. 
However, pre-clinical studies on rimonabant have continued, with the aim of 
understanding the mechanisms of weight loss and improved metabolism caused by 
the drug. Intriguingly, blocking CB1Rs seems to regulate BAT function in a SNS-
dependent manner. In mice, CB1R antagonism blocks the inhibition of β3-AR, 
which leads to the increased activation in BAT, lipolysis, and uptake of FFAs from 
the plasma (Boon et al., 2014). Deletion of adipocyte specific CB1R results in the 
browning of WAT, the promotion of a thermogenic program and an increase in 
alternatively activated macrophages, which increase local noradrenaline levels 
(Ruiz de Azua et al., 2017). In this thesis work CB1R antagonism increased 
glucose uptake and lipolysis of brown adipocytes, but CB1R agonism, CB2R 
antagonism or CB2R agonism did not have any effect (study III). During increased 
availability of noradrenaline the expression of CB1R mRNA was increased in 
brown but not in white adipocytes (study III).  

This study adds to the existing evidence that CB1Rs are significant in regulating 
brown adipocyte function in a SNS-dependent manner. Endocannabinoid signaling 
via the CB1Rs is significant in the activation and regulation of human BAT, and 
targeting CB1Rs could provide a prospective way to treat obesity and metabolism. 
Ongoing research aims to develop specific CB1R antagonists, which could act 
strictly in peripheral tissues such as adipose tissue and improve metabolism, but 
would not cross the blood-brain barrier and cause harmful adverse effects. 

6.5 Strengths, Limitations and Future Aspects of Research 

This thesis work provides novel data about BAT regulation, and importantly, it 
examines selected physiological phenomena in humans for the first time. The 
dynamic PET imaging used in this study provides quantitative and high-quality 
data, and by combining different radioligands, several regulatory aspects can be 
investigated concurrently. Furthermore, the imaging data of different tissues in this 
study including BAT, WAT, skeletal muscle and brain have been combined with 
tissue biopsies, systemic blood values, and energy expenditure measurements, to 
understand physiological events as a whole. 
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However, this study also has its limitations. The number of study subjects in each 
sub-study was relatively small, and also only male subjects were recruited in 
studies II and III. PET imaging requires many resources and causes a radiation 
burden for the study subjects, and these issues together limited the possibilities for 
studying larger cohorts with a prospective study design. Future studies could be 
done that combine PET with MRI instead of CT, to decrease the radiation dose, 
and further assess BAT in humans (Holstila et al., 2017). Furthermore, more 
female subjects should also be included, to apply the findings to a broader 
population.  

In studies II and III, cold exposure was used to activate BAT thermogenesis in the 
subjects. The aim was to induce non-shivering thermogenesis in BAT using an 
individualized cooling protocol, irrespective of body adiposity. The protocol was 
standardized and therefore repeatable, and subjects were monitored for shivering 
and the sensation of cold was repeatedly evaluated during the study. However, 
measurements using electromyography to detect muscle shivering and more 
detailed measurements of core and skin temperature could have improved the 
accuracy of the cooling protocol. For example, liquid conditioned suits perfused 
with chilled water, combined with a temperature- and flow-controlled circulation 
bath, as reported in other studies (Blondin et al., 2017b), could be used in future 
studies to ensure the appropriate stimulation of BAT thermogenesis. Furthermore, 
the studies were carried out over all the seasons, which may affect BAT activity. 
Although the aim was to perform individual baseline and cold measurements 
within the shortest time possible and within one season, this could not always be 
achieved due to PET scanner availability and scheduling issues. Although the 
standardized cooling protocol and dynamic image analysis minimized the effect of 
outdoor temperature on the results in these studies, there is some evidence that 
seasonal variation may influence BAT activity (Au-Yong et al., 2009; Yoneshiro 
et al., 2016), and this should be noted and controlled for when planning future 
studies. 

The importance of thyroid hormones on BAT function has become clear over the 
years, but data from humans is still limited, and only a few high-quality 
prospective human studies have been done. Study I was a follow-up study that 
investigated BAT metabolism in hyperthyroid patients before and after treatment. 
It would be intriguing to perform similar studies with hypothyroid patients. 
Moreover, studying the connection between thyroid hormones, BAT and the brain 
could further elucidate the pathophysiologies in patients with hyper- and 
hypothyroidism.  

Studies II and III are pilot studies that show proof-of-concept that the PET 
radioligands [11C]TMSX and [18F]FMPEP-d2 can be used for BAT imaging in 
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humans, and that physiological changes occur in adenosine and cannabinoid 
receptors during cold activation of BAT. It is noteworthy, however, that the 
specific molecular mechanisms could not be fully investigated with these human 
in vivo imaging methods. Additional pre-clinical experiments would therefore be 
required to understand the detailed changes in A2AR kinetics during BAT 
activation. Furthermore, in study III, the density of CB1R in BAT was measured 
in vivo, combined with CB1R mRNA expression in vitro, but CB1R protein 
measurements were lacking. It would also be interesting to measure CB1R protein 
expression in human BAT using immunohistochemistry or a targeted proteomics 
approach to confirm the changes observed with PET imaging. However, a study 
investigating the change caused by cold would require repeated BAT biopsies, 
which may not be feasible in humans for ethical reasons. Determining the CB1R 
protein expression in a pre-clinical setting would provide additional evidence to 
elucidate the mechanisms and CB1R kinetics during cold exposure at the cellular 
level.  

Such experiments would be valuable and warranted, because A2A and CB1 
receptors may provide potential drug targets for activating human BAT. Currently, 
many novel compounds that target the cannabinoid receptors are being 
investigated and developed for pharmaceutical use (Shrestha et al., 2018). In this 
thesis work, the effect of CB1R antagonism in humans unfortunately could not be 
investigated due to ethical restrictions. No CB1R antagonist is currently in clinical 
use for humans, and the subjects in this study had already received the maximal 
acceptable annual radiation dose considered safe for healthy volunteers. Future 
studies with novel pharmaceutical compounds are therefore warranted. 
Importantly, [18F]FMPEP-d2 could be further utilized to investigate the binding of 
such CB1R drugs in peripheral tissues, including BAT. Similarly, [11C]TMSX has 
potential for future pharmaceutical studies of the A2ARs in BAT.  

Overall, the studies in this thesis provide new information about important 
molecular mechanisms involved in endogenous BAT regulation. Future 
pharmacological studies and clinical trials will reveal whether the targeting of 
these mechanisms is feasible for the enhancement of energy expenditure, the 
improvement of metabolic health and the management of obesity in humans.  
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7 CONCLUSIONS 

1. Hyperthyroidism increases the glucose uptake of BAT in humans, even 
without cold exposure. Excess systemic thyroid hormones also increase 
glucose uptake and perfusion of skeletal muscle. These changes in 
metabolism are reversible and return to the level of healthy controls after 
restoration of euthyroidism. Hyperthyroidism is further characterized by 
augmented energy expenditure and an increased use of lipids as an energy 
substrate.  

2. Adenosine administration causes maximal perfusion in BAT of humans. 
Physiological activation of BAT during cold exposure decreases A2A 
receptor density of the tissue, which indicates that endogenous adenosine is 
involved in the regulation of BAT function.  

3. Cannabinoid type 1 receptors are upregulated during cold exposure in 
human BAT. This indicates an auto-regulatory loop of the endocannabinoid 
system, which contributes to the control of BAT metabolism and energy 
expenditure. This negative feedback response is likely controlled by the 
brain via the sympathetic nervous system. 

4. Compared to lean subjects, overweight subjects with reduced BAT activity 
exhibit decreased CB1 receptor density in BAT, WAT, and the brain. This 
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