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Abbreviations 
 

Chronological appearance in the thesis: 

BAT      Brown Adipose Tissue 

WAT      White Adipose Tissue 

UCP1      Uncoupling Protein 1 

TG      Triglyceride 

FA      Fatty Acid 

CD36      Cluster of Differentiation 36 

FATP      Fatty Acid Transport Proteins 

PET      Positron Emission Tomography 

[18F]FDG     [18F]Fluoro-2-deoxy-2-D-glucose 

LCFA      Long Chain Fatty Acid 

TRL      Triglyceride Rich Lipoprotein 

LPL      Lipoprotein Lipase 

SPECT     Single Photon Emission Computed Tomography 

MRI      Magnetic Resonance Imaging 

CT      Computed Tomography 

ACSL      Fatty acyl-CoA Synthetase 

CoA      Coenzyme A 

PTHrP      Parathyroid Hormone–related Protein 

[18F]FTHA     14(R,S)-[18F]fluoro-6-thia-heptadecanoic acid 

[11C]palmitate     [11C]hexadecanoic acid 

[123I]BMIPP     15-(4-[123I]iodophenyl)-3-methyl-pentadecanoic 

      acid 

BODIPY- C16     4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-

      Indacene-3-Hexadecanoic acid  

[123I]IHXA     [123I]iodohexadecanoic acid 



[123I]IHDA     [123I]iodoheptadecanoic acid 

[123I]IPPA     15-(p-[123I]iodophenyl)-pentadecanoic acid 

BODIPY     Boron-dipyrromethene 

QD      Quantum Dots 

iBAT      interscapular Brown Adipose Tissue 

ADIFAB     Acrylodan labelled rat intestinal fatty acid binding 

      protein 

[99mTc]TcMIBI     [99mTc]Tc-2-methoxy-isobutyl-isonitrile 

[123I]MIBG     meta-[123I]iodobenzylguanidine 

[123I]IPA     [123I]iodophenylalanine 

MRS      Magnetic Resonance Spectroscopy 

TR-1      Temperature Regime 1 

MIBI      Sestamibi 

VOI      Volume of Interest 

SUV      Standardized Uptake Value 

FLASH     Fast Low Angle SHot 

iAT      interscapular Adipose Tissue 

cBAT      cervical Brown Adipose Tissue 

ipWAT      intraperitoneal White Adipose Tissue 

BDP-FA     Bodipy-C16 

BDP-TG     Bodipy-triglyceride 

ESI-Q      Electrospray Ionization Quadrupole 

Ppm      parts per million 

RCY      Radiochemical Yield 

NE      Norepinephrine 

SO      Sulfosuccinimidyl-oleat 

r.t.      room temperature 

p      probability leve 



 

 

PVAT      Perivascular Adipose Tissue 
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Introduction 
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Brown Adipose Tissue (BAT) in mammals 

BAT is uniquely found in mammals and enables them to produce heat to maintain their body 

temperature below their thermoneutral zone 1. In contrast to typical white adipose tissue 

(WAT), BAT consists of multiple cellular lipid droplets for storage purposes which facilitates 

the opportunity of fast lipolysis due to its enhanced lipid surface 2. BAT is also distinguished 

by its high number of mitochondria where its brown color originates from. Its high degree of 

vascularisation provides heat transport throughout the whole body in times of 

thermogenesis 3. 

BATs thermogenic potential results from the BAT specific uncoupling protein 1 (UCP1) 4-7. 

During activation high amounts of internal triglycerides (TGs) are lipolysed and transported 

towards the mitochondria where usually β-oxidation leads to ATP synthesis. UCP1 

uncouples this process by permeabilizing the inner mitochondrial membrane for protons 

whereby heat is produced 1,8.  

The ability to “burn” fatty acids (FAs) instead of storing energy makes BAT an interesting 

target in understanding the development of obesity and potentially fighting its related 

metabolic syndromes. 

 

FA metabolism 

Obesity is considered as a worldwide epidemic which will become even more severe in the 

near future. Already in 2016 1.9 billion adults were overweight from which 650 million were 

obese. Obesity results from a positive energy balance and is correlated to other diseases 

such as diabetes type-II 9,10, atherosclerosis 11 and cancer 12, together referred to as 

metabolic syndrome.  

FAs are the major source of energy and either derived from food intake or lipogenesis that 

includes glycolysis and the citric acid cycle 13. In animals predominantly FAs with even 

numbers can be found and FAs are grouped by their chain length, short chain (2–6 carbon 

atoms), medium chain (8–12 carbon atoms), long chain (14–18 carbon atoms) and very long 

chain (20–26 carbon atoms). The main type of circulating FAs are long-chain and very long-
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chain with varying degrees of saturation. FAs are stored as TGs in adipocytes and set free in 

times of starvation or fasting 14. 

Most types of tissue can switch between glucose and FA metabolism. A major tissue for 

energy expenditure is muscle because of its relative large size 15,16. Other tissues such as 

heart also show this ability but because of its relative small size the heart can only increase 

its contribution to whole body energy expenditure to 5-10% 17. Significant amounts of glucose 

are cleared by the liver after a meal but also FAs are taken up, oxidised and incorporated as 

TGs into lipoproteins to transport them into other tissues for storage purposes 18,19.  

Uptake of FAs into cells was long thought to be the result of simple diffusion. Recently it was 

found that FA uptake is dependent on specific transport proteins such as cluster of 

differentiation 36 (CD36) or fatty acid transport proteins (FATP) 20. Once in the cell FAs can 

be stored in lipid droplets or used in the mitochondria. The main pathway for FA degradation 

is mitochondrial β-oxidation 21 by which ATP is produced. It is important to mention that by a 

complete oxidation of one FA molecule e.g. palmitate more molecules ATP are produced 

than by an oxidation of one glucose molecule (105 vs. 31) 22. 

Even though a high number of guidelines by national and international authorities has been 

published on healthy diets and physical activity, to fight against obesity and related metabolic 

syndromes, studies could show that patients only adhered short times and a recidivism to old 

behaviour patterns was the common case 23-26 

Therefore BAT with its ability to uncouple its ATP production is an interesting target to 

increase overall body energy expenditure and to reduce weight of obese subjects. 

 

Brown adipose tissue (BAT) 

BAT research evolved within the last 20-40 years, revived in 2009 and is now an important 

topic in the field of endocrine research. Active BAT in adult humans was found using 

retrospective positron emission tomography (PET) studies with [18F]Fluoro-2-deoxy-2-D-

glucose ([18F]FDG) 27-29. As already mentioned BAT has the unique ability to uncouple its 
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ATP production in its mitochondria by the BAT specific protein UCP1 and to produce heat 

during this process 4-7. 

In the absence of heat production protons which are transported against the concentration 

gradient cause a voltage difference across the inner mitochondrial membrane. Protons which 

reenter the matrix by ATPase release their energy, which is necessary for ATP synthesis. 

During BAT activation protons enter the matrix by UCP1 30 and energy is released as heat 1,8. 

This process is responsible for nonshivering thermogenesis 1,31.  

It was shown that long chain fatty acids (LCFA) (> 12 carbon atoms 32) are of immense 

importance for the uncoupling process as they work as a carrier for protons through UCP1 33. 

Purine nucleotides like ATP inhibit UCP1 from the cytosolic side 8,34-36. LCFA can overcome 

the blocking of UCP1 and support the activation of the uncoupling process 1,33,37.  

BAT is activated by cold exposure of the subject 38-40. Thermoreceptors in the skin are 

stimulated by cold, those stimuli are transmitted by the somatic nervous system and neurons 

are activated in the ventromedial nucleus of the hypothalamus resulting in release of 

norepiephrine by the postsynaptic nerve endings, triggering BAT activation 1,41. 

Norepinephrine binding to β3-adrenoeceptors on BAT activates cyclic adenosine 

monophosphate, which in the next step stimulates protein kinase. Hormone sensitive lipase 

is activated resulting in TG lipolysis and FAs are released which are necessary for UCP1 

activation 1,42,43. By norepinephrine activation TGs stored in intracellular lipid droplets are 

lipolyzed to single FAs and metabolized in the mitochondria. Lipid droplets can then be 

potentially replenished in three different manners: glucose uptake with following de novo 

lipogenesis, free FA uptake facilitated by albumin binding, and uptake of triglyceride-rich 

lipoprotein (TRL)-derived FAs from the plasma with subsequent esterification to TGs 1,44-46. 

TRL-derived FAs were identified as the main supply of TGs in BAT 44 and FA internalization 

was shown to be dependent on the presence of lipoprotein lipase (LPL) 47,48, cluster of CD36 

49 and FATP 50 which need to be located at the outer cellular membrane. 

Increased [18F]FDG uptake as a measure for glucose consumption in BAT was recently 

observed in obese cold acclimated humans concluding that significant amounts of BAT can 
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be recruited during repeated cold exposure 51. Glucose is mainly taken up by protein 

transporters of the GLUT family, mainly the fat muscle specific isoform GLUT4 52,53. Glucose 

is processed in different pathways e.g. in the citric acid cycle 54 or it is conversed to FAs 55,56.  

The main metabolized substance class in BAT is FAs. Therefore BAT activity can be largely 

underestimated by [18F]FDG scans, which is till now the most often used technique to 

quantify BAT activity and volume. The aim of this work was to develop a lipid based tracer to 

gain more information and to quantify FA metabolism in BAT because till now it is not known 

to what extend activated BAT contributes to energy consumption in obese. 

 

PET and single photon emission computed tomography (SPECT) 

The era of tracer based non-invasive imaging was a huge progress for the society of nuclear 

medicine. Two prominent examples, which are frequently used to visualize processes in vivo, 

are PET and SPECT. Both rely on the same idea of radioactive material which is injected into 

a living organism and its distribution in the body can be followed up at later time stages. In 

PET β+-emitting radionuclides are used where the following pair of annihilation radiation can 

be measured in coincidence by a detector ring. By this technique a high amount of unspecific 

signals can be filtered out which makes it possible to precisely localise the point of the 

annihilation and has a positive effect on resolution and sensitivity. In SPECT γ-emitting 

radionuclides are used. Here a collimator is necessary to gain information about the direction 

of the emitted γ-ray. Because of this filter only a minor amount of the emission reaches the 

camera which makes SPECT less efficient in comparison to PET. A more recent approach is 

the combination of PET or SPECT with other imaging modalities such as computer 

tomography or magnetic resonance imaging. Next to the tracer distribution also information 

about morphological structures are obtained which help to better localize the side of the 

tracer accumulation.  
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Tracers and Isotopes 

As described in the previous section PET and SPECT imaging offer the opportunity to gain 

information about the biodistribution of a radioactive drug by non-invasive imaging. This can 

help to identify for example disease patterns, cancer, injuries or metabolic activity. The 

design of the radioactive drug or also called tracer is of immense importance and varies for 

different tasks. In all cases a carrier molecule, which should target the region of interest is 

modified by a radionuclide. Sometimes the addition of the radionuclide is not trivial and can 

only be achieved by precursor molecules or chelators. Usually the radiolabeled drug is 

applied in amounts which have no pharmacological effect. This is the reason why they are 

also called tracer or radio-tracer. 

 

PET radionuclides and tracer 

Various PET suitable radionuclides exist and most of them have a half life comparable to the 

biological half life of the radiotracer. In Tab. 1 the most common radionuclides are listed. The 

primary mode of decay should be positron emission. Although many different radionuclides 

could be used in theory, carbon-11 and fluorine-18 are the most prominent ones. All organic 

compounds in nature consist of carbon atoms. Therefore an exchange of stable carbon-12 

by carbon-11 has no effect on the pharmacological properties of a compound. Fluorine 

usually cannot be found in biomolecules but, its size is similar to the size of the hydroxyl 

group which implies only a minor change in steric properties. Fluorine is the atom with the 

highest electronegativity. Therefore introduction of fluorine can cause a change in electronic 

properties which might have an advantageous effect on the binding affinity 57. Its relative long 

half life compared to e.g. carbon-11 and the lowest decay energy of all PET radionuclides 

makes fluorine-18 the radionuclide with the best nuclear properties.  
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Table 1: PET radionuclides 

Radionuclide Half Life Decay Mode 
Max. Decay Energie 

[MeV] 

11
C 20.3 min β

+
 0.97 

13
N 10 min β

+
 1.20 

15
O 2 min β

+
 1.74 

18
F 110 min β

+
 0.64 

64
Cu 12.7 h β

+
/electron capture 0.66 

68
Ga 67.6 min β

+
/electron capture 1.90 

76
Br 16.2 h β

+
/electron capture 4.00 

124
I 4.18 d β

+
/electron capture 2.14 

 

For diagnostics, the most often used tracer is [18F]FDG. This glucose analog was developed 

in the 1970´s 58 and its synthesis was improved further a decade later 59. Its field of 

application reaches from oncologic questions to neurology. Because of its broad application, 

[18F]FDG can have some limitations such as high uptake in brain, bladder and in inflamed 

tissue. Therefore more dedicated tracer have been developed e.g. [68Ga]GaPSMA 60, 

[18F]FLT 61 or [11C]PK11195 62. This selection of tracers is only a small list and should 

represent important fields of PET imaging. It does not reflect the enormous number of tracers 

which are available today. 

 

SPECT radionuclides and tracer 

In SPECT imaging radionuclides which directly emit γ-rays are used. In Tab. 2 the most 

important nuclides used in SPECT are listed. It is to mention that SPECT isotopes have in 

general a longer half life than PET isotopes. Therefore longer and excessive radiosynthesis 

can be conducted and longer processes in vivo can be visualized. The longer half life offers 

also the possibility to transport the radiopharmaceuticals to other institutions, adding an 

important commercial aspect to imaging with SPECT isotopes. The most important 

radionuclide is technetium-99m. Different to the other isotopes it does not need to be 

produced in a cyclotron because it is produced during the decay of its mother nuclide 
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molybdenum-99. This generator approach led to the label “workhouse of nuclear medicine” 

for technetium-99m. 

Table 2: SPECT radionuclides 

Radionuclide Half Life Decay Mode 
Principal Photon emission 

energy [MeV] 

123
I 13.2 h Electron capture 0.16 

99m
Tc 6 h Isomeric transition 0.14 

111
In 67.9 h Electron capture 0.17/0.25 

67
Ga 78.3 h Electron capture 0.09/0.19/0.30 

201
Tl 73.1 h Electron capture 0.17 

 

To label a biomarker with technetium-99m a chelating agent is necessary. Technetium-99m 

chemistry relies on complex chemistry to design a precursor molecule which has the ability to 

allow labelling with technetium-99m but also retain its binding affinity in vivo. The use of 

bulky chelating agents limits the application of technetium-99m-labeled compounds e.g. in 

neuroscience because the blood brain barrier could preclude target binding.  

Another important SPECT radionuclide is iodine-123. Similar to fluorine-18, iodine forms 

covalent bonds with carbon atoms, making it easy to incorporate it into small molecules. A 

disadvantage compared to incorporation of fluorine-18 into a molecule is that iodine has a 

larger van der Waal’s radius and therefore higher steric alteration can be expected, 

especially for smaller molecules. The fact that iodine has several isotopes that can be used 

in nuclear medicine (β and γ emitters) offers the advantage to use iodine labeled compounds 

for imaging and therapy with the same molecule. An important agent for this purpose is 

MIBG where [123I]MIBG is used to visualize neuroendocrine tumors and patients with MIBG 

positive areas obtain a therapy with [131I]MIBG 63. Other important SPECT tracers are 

[123I]FP-CIT 64 a tracer to target the dopamine transporter in the brain or [99mTc]TcMAG3 

which is used for renography 65. 
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Tracers for BAT imaging 

 

PET suitable tracer 

As already mentioned [18F]FDG is the most frequently used tracer so far which might be a 

result of a high number of retrospective studies as well as its availability. It was found in 

dedicated experiments that age, obesity and various pathological conditions have a negative 

effect on detectable BAT volume 38,66-69. Uptake of [18F]FDG is also influenced by outdoor 

temperatures, fasting, and different medications e.g. β-blockers 28,43,70. Apart from 

quantification of BAT [18F]FDG is also used to explore BATs role in glucose metabolism. 

Lower amounts of active BAT were found in hyperglycaemic and diabetic patients 71,72.  

Different fatty acid based tracers such as [18F]FTHA 73, [11C]palmitate 74 and others 75-77 have 

been developed. Most of them have been used for myocardial imaging, before their suitability 

to visualize BAT was considered to be useful. A more detailed discussion about lipid based 

tracers can be found in chapter 2. 

 [11C]acetate is able to quantify FA synthase activity by visualizing BATs oxidative 

metabolism 73. In studies with healthy test subjects exposed to cold a significant [11C]acetate 

increase in uptake was observed 78. In addition oxygen-15 tracers are also used to determine 

BATs oxidative capacity.  

Studies with [15O]O2 showed an increased metabolic BAT activity in cold exposed subjects 79. 

[15O]H2O as a perfusion tracer, was able to show an increase in perfusion due to cold 80. 

Obesity attenuates this effect 81.  

[11C]MRB as a highly selective ligand for the norepinephrine transporter was found to 

accumulate in BAT. This elevated uptake values could be already reached at room 

temperature while cold exposure only slightly increased [11C]MRB uptake 82. 

In a retrospective study with patients scanned for pheochromocytoma by [18F]F-DA, a 

dopamine analog, it was found that BAT could be visualized in 18% of the patients 69. A 

similar occurrence was achieved by [18F]FDG scans. However it is to mention that those 
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patients might have a larger BAT tissue mass or activation because of increased levels of 

catecholamines excreted from their tumor.  

Apart from the here presented tracer with a clinical application, a high number of promising 

pre-clinical tracer exist. Prominent examples are radiolabeled triphenylphosphonium based 

tracer targeting the voltage difference of the inner mitochondrial membrane 83,84.  

 

SPECT suitable tracer 

[123I]MIBG is an FDA approved tracer for pheochromocytoma, neuroblastoma and cardiac 

imaging. Its biodistribution is known to be dependent on catecholamine production 85. In 

retrospective studies a prevalence of finding fat depots which are linked to BAT was 18% 69 

and in preclinical studies BAT uptake was increased by 3 fold due to cold exposure 86. In 

dedicated clinical studies in healthy adults [18F]FDG uptake correlated with [123I]MIBG in 

BAT 87. 

[99mTc]TcMIBI is taken up in tissue with an increased blood flow and high mitochondrial 

density due to its lipophilic and cationic properties. An increased [99mTc]TcMIBI uptake in 

BAT vs. WAT was reported in a preclinical study where uptake in BAT was increased by 

adrenergic stimulation. In retrospective human studies BAT was detectable 88,89 and BATs 

presence in [99mTc]TcMIBI positive samples was confirmed by immunohistochemistry 88. 

[123I]BMIPP 90,91 is another FA based tracer which was initially developed for myocardial 

imaging. Similar to [18F]FTHA it is now used to study BAT uptake of FAs. 

Another lipophilic tracer which originally was developed for cardiac imaging is 

[99mTc]TcTetrofosmin. Due to its lipophilic properties it is enriched in tissue with high amounts 

of mitochondria. In a retrospective study it was found that its prevalence to detect BAT 

depots in humans was 17% 92 making it a suitable tracer to explore BATs mitochondrial 

function.  
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Other BAT detection techniques 

Apart from the presented nuclear tracer there are other techniques suitable to visualize BAT 

and its metabolism. The possibilities to image BAT are here presented very briefly. More 

detailed information are given in chapter 2.  

A high number of preclinical work is performed with fluorescent in vitro uptake experiments 93-

97. The chance of analyzing BAT uptake on a sub-cellular scale, working without patients or 

animals and without exposure to radioactivity makes this method suitable for a high 

throughput of experiments.  

Next to imaging with radioactive tracers or fluorescent imaging there is also the possibility to 

image BAT with labelled particles. This particle visualization can consist of fluorescent 

labeled particles 45, radioactive labeled particles 46,98 or MR functional particles 45. 

Incorporation of the tracer in particles might have beneficial effects on the biodistribution of 

the tracer itself. E.g. a bare FA based tracer relies on several uptake mechanism before it 

can be transported via the bloodstream and might therefore not reflect the real processes in 

vivo. For more detailed information see chapter 2. 

Other methods to determine BATs volume are Magnetic Resonance Imaging (MRI) and 

Computed Tomography (CT). MRI is able to determine the water/lipid content in BAT by 

detecting a radio-frequency of excited protons in a magnetic field. This frequency is 

dependent on the chemical surrounding of the excited protons and is therefore tissue 

specific. By comparing it to previous records it is possible to gain information about BATs 

activation state and lipid consumption 99,100. In comparison to PET, MRI has the advantage 

that it can detect following properties of BAT: temporal and quantitative measurements of 

tissue fat content, changes in blood flow, volume, and oxygenation of active BAT 100. 

Additionally MR Spectroscopy is able to detect the relative abundance of chemicals within a 

single localized region and therefore helps to quantify changes in BATs lipid composition due 

to stimulation. CT on its own is almost not able to detect BAT. As BAT and its surrounding 

tissue do not differ too much in its Hounsfield units a standalone CT cannot distinguish 

between e.g. BAT and WAT next to each other. Also the interpretation of Hounsfield units is 
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biased 101-104. Anyway, CT and MRI are useful additions to the common used ways to 

visualize BAT by adding morpohological information to the image. 

 

Aim of this dissertation 

 

Multiple imaging and quantification approaches for BAT are available. The most often used 

technique is PET/CT with [18F]FDG. Its broad field of application as well as its use in clinical 

routine makes this tracer very popular, also in the field of BAT imaging. Nevertheless 

[18F]FDG has a huge disadvantage: it is a glucose based tracer. Although [18F]FDG was able 

to visualize BAT and to show increased metabolic activity in cold exposed animals and 

humans, lipids in the form of FAs are the main metabolized substance class. Therefore it is 

impossible to calculate BAT's total metabolic activity.  

At first FA based tracers, such as [18F]FTHA or [123I]BMIPP, were used to quantify BATs its 

demand of FAs. However, this method does not completely reflect the situation in vivo where 

FAs are transported as TGs incorporated in TRLs towards BAT. 

Therefore the aim of this dissertation was to synthesize a radiolabeled TG and to incorporate 

it into a TRL which than can be applied in vivo. To our understanding this would come 

closest to the in vivo situation and will probably help to understand BATs role in whole body 

energy expenditure. Additionally such a tracer would also be useful for other applications 

(e.g. fatty liver disease, obesity and fatty acid metabolism in general). 
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Abstract  

 

Purpose: Brown adipose tissue (BAT) research has evolved from an underestimated to a 

fast developing field. Its assumed curing properties for the world wide epidemic obesity, and 

its related diseases, makes this tissue an interesting target for a broad amount of non-

invasive molecular BAT tracers. Apart from [18F]FDG PET/CT there are several methods to 

detect BAT and measure its metabolism in a more appropriate way. Especially interesting is 

the measure of lipid turnover, because fatty acids comprise the main fuel for active BAT. This 

review outlines different imaging modalities suitable for BAT imaging with the overall goal to 

explain the yet not completely understood mechanism in BAT and its quantitative contribution 

to whole body lipid and energy metabolism. 

Methods: Publications with focus on brown adipose tissue and lipid metabolism imaging are 

analyzed, different imaging approaches are introduced and promising BAT tracers are 

presented. 

Results: Radiolabelled and fluorescent fatty acids, labelled particles, [3H]Triolein and 

ADIFAB staining can give information about the inflow and therefore about the utilization of 

fatty acids which represents the activation state in vivo/in vitro. Non-invasive scanning with 

CT or MRI is a useful addition to those techniques. 

Conclusion: Lipid metabolism imaging offers the opportunity to visualize and quantify yet 

undiscovered aspects of BAT metabolic activities and is key to completely clarify its role in 

whole body lipid and energy metabolism. 
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Introduction 

  

Background: 

The function and presence of BAT in adults was neglected until two decades ago. Now the 

investigation of BAT using molecular imaging has matured to one of the most interesting and 

fast developing research topics in endocrine research. Because obesity - and its related 

metabolic syndrome - is reaching epidemic proportions in the western world 1 and may even 

become a more severe problem in the near future for the worldwide population, more 

attention is drawn to adipose tissue metabolism. A turning point was the discovery that WAT, 

apart from storing energy (fat), is able to secret leptin, an important hormone controlling the 

energy balance 2. Other substances 3 (autocrine and endocrine) released by WAT have been 

found and by that the consideration of the impact of adipose tissue on whole body 

metabolism rose continuously. In retrospective PET studies with [18F]FDG, it could be shown 

that besides WAT, another form of adipose tissue exists in adult humans 4-6. In these studies, 

symmetrical accumulations of [18F]FDG appeared in the supraclavicular region, which were 

originally thought to be attributed to uptake in cervical muscles. Later, scans with PET/CT 

indicated that these “artifacts” correlate with Hounsfield units of fat 6. By these [18F]FDG 

studies it could be proven that BAT is functionally present in adults and is metabolically 

active. BAT, named after its darker color resulting from higher mitochondria expression within 

the cell and increased blood circulation 7, was previously thought to be absent in adult 

humans and only be present in newborns to maintain their body temperature 8. The results of 

the PET scans indicate a chance of observing BAT in 5 - 8% of standard clinical routine PET 

scans 4,9 and a total contribution to body mass of 0,05 – 0,01% 10. These findings could be 

confirmed later by dedicated cold exposure studies where a direct correlation between cold 

exposure and BAT metabolic activity, measured through [18F]FDG uptake, was reported 11-13. 

Assuming a fixed relative contribution of glucose and fatty acids and that mainly fatty acids 

and glucose contribute to energy expenditure 12,14, an increase in metabolic activity of BAT 

would result in an increase of total body energy expenditure of 2-28% 15. Therefore activation 



30 

 

of BAT with unchanged food uptake, may lead to significant weight loss, offering an 

additional treatment option to obese patients. Another field of application would be in patients 

with pheochromocytoma. It was found that cathecholamine secreting tumors activate BAT 

and lead to an increase in metabolic activity characterized by FA and glucose uptake 16-18. In 

these studies BAT activity was inversely correlated to body mass index and in general 

patients with cancer cachexia are often suffering from body weight loss and depletion of 

muscular and adipose tissue 19.   

However, in order to actually calculate the metabolic activity of BAT in humans, in addition to 

[18F]FDG PET/CT, other tracers and techniques are needed. Through the upcoming interest 

in this tissue, several new activation, targeting and imaging strategies have been developed 

to visualize BAT´s functions. [18F]FDG has set the stage; several attributions of BAT have 

been defined. Non-invasive visualization of lipid metabolism could give more insight since 

lipid turnover is one of the major features of BAT. This review summarizes early as well as 

the newest inventions of lipid metabolism imaging linked to BAT and describes how 

visualization of lipid fate and adipose tissue activity has evolved.  

 

Activation of brown adipose tissue and fatty acid metabolism: 

First observations of BAT in humans were performed with [18F]FDG 4-6 which visualizes 

metabolic active tissue in terms of glucose uptake. It was observed that through cold 

exposure the chance of visualizing BAT increased in animals and lean subjects 11-13. 

Besides, it was shown that BAT is activated through binding to β3-adrenoeceptor 20,21. 

Recently it was observed for the first time that BAT takes up an increased amount of glucose 

in obese humans after cold acclimation. This led to the conclusion that significant amounts of 

BAT can be recruited during repeated cold exposure 22. Glucose is mainly taken up by 

protein transporters of the GLUT family, mainly the fat muscle specific isoform GLUT4 23,24. 

Glucose is processed in different pathways e.g. in citric acid cycle 25 or it is conversed to FA 

26,27. Nevertheless LCFA are the main “fuel” for BAT. Tracers based on fatty acids, quantify 

the metabolic activity of BAT in a better way than glucose does. 
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Through the norepinephrine activation process FA stored as TG in lipid droplets are 

consumed in the mitochondria to produce heat and new FA are taken up 28,29. This identifies 

FA as the main metabolized substance in BAT and makes them and other compounds 

targeting lipid metabolism a powerful tool to visualize BAT and its functions within the body. 

Usually mitochondria oxidize fatty acids and ATP is produced to store the nascent energy but 

BAT mitochondria contain the BAT specific UCP1 which gives them the ability to uncouple 

the oxidation process and to produce heat instead of ATP 30-33. This process is responsible 

for nonshivering thermogenesis 15,34. Fedorenko et al. showed that LCFA (> 12 carbon 

atoms 35) are essential for the uncoupling process as they work as a carrier for H+ through 

the UCP1 and that LCFA are also produced within the inner mitochondria membrane by 

PLA2 36. In BAT cells UCP1 is inhibited by purine nucleotides, mainly ATP. The UCP1 

channel is blocked by the nucleotides from the cytosolic side 37-40. It was shown that LCFA 

can overcome the blocking of UCP1 and support the activation of the uncoupling process 

15,36,41. Activation through LCFA also confirms the observation that lipolysis activates 

thermogenesis in the same order of magnitude than norepinephrine does 42,43.  

As quoted before, stored TGs in BAT can be utilized for combustion or FA can be taken up 

after lipolysis by BAT. Uptake of FA from external sources by a brown adipocyte is realized 

by protein mediated transport 44, nevertheless the exact mechanism of FA uptake is unclear. 

FA are transported in TRLs (Triglyceride-rich lipoproteins) by the blood. BAT uptake of FA 

via internalization of these particles, via direct FA uptake after lipolysis related breakup of 

TRLs or a combination of both is possible. Khedoe et al. equipped TRLs of different size with 

[3H]oleate and [14C]cholesteryl oleate 45. At room temperature a lipolysis supported uptake 

could be observed as cholesteryl oleate stays within the particle core due to its 

hydrophobicity and most taken up activity in BAT resulted from [3H]oleate. Left over remnant 

particles, containing a higher ratio of [14C]cholesteryl oleate are cleared by the liver which 

explains why a much higher carbon-14-activity compared to tritium-activity can be observed 

in the liver. Also cold exposure or thermoneutrality did not promote internalization of TRLs in 



32 

 

BAT cells in an important amount but of course changed the amount of FA taken up by BAT 

45.  

In contrast to these experiments is the finding of Bartelt et al. They labelled TRLs with [3H]-

oleate and hydrophobic [59Fe]SPIO nanocrystals 46. As a result of lipolysis [3H]oleate can 

enter the cell whereas [59Fe]SPIO nanocrystals stay inside of the TRL´s. In cold exposed 

mice a significant faster clearance of [3H]oleate and [59Fe]SPIO and a tenfold higher uptake 

of both imaging agents in BAT is reported. Through intravital microscopy a rapid attachment 

to the endothelium, followed by an internalization of the TRLs could be observed 46. Bartelt et 

al. explain their observations that through lipolysis products the endothelial barrier function is 

decreased and TRLs can enter the cell 47. 

The discrepancy between both experiments may be explained by different imaging agents 

used and therefore different uptake mechanisms are needed to explain the results. 

Nevertheless, the dominant uptake mechanism (lipolysis assisted uptake of FA or 

internalization of TRLs) is not determined at the moment and needs to be established by 

other imaging approaches and experiments. 

In terms of lipolysis, LPL is the first of multiple proteins involved in the process of FA uptake 

into BAT 29,48,49. Other important proteins related to FA uptake of BAT are fatty acid 

translocase (FAT/CD36) 50, fatty acid transport proteins (FATPs) 51 and fatty acyl-CoA 

synthetases (ACSL) 52. The common way of FA uptake is described as in figure 1, according 

to 48. 



33 

 

 

Figure 1: TRLs are hydrolyzed by LPL and FA can bind to albumin. After dissociation from albumin, FA bind to 

membrane proteins such as CD36 or directly to FATP. A direct diffusion through the membrane is possible but 

dependent on free FA concentrations and FA already taken up by the cells 
53

. FA from CD36 are handed to FATP 

and are transported through the membrane where they are either processed as FA or activated and coupled to 

coenzyme A (CoA) by ACSL. Free FA can then be stored in lipid droplets as TG after esterification or directly 

processed in the mitochondria. 

 

Different studies have identified LPL and CD36 as indispensable factors for FA uptake and a 

loss of one of these proteins results in an impaired adipose metabolism leading to 

hypertriglyceridemia, increased glucose uptake and hypothermia during fasting and cold 

exposure 54,55. 
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LCFA can also be produced through lipogenesis within the cell by fatty acid synthase up to a 

carbon chain length of 16 carbon atoms 29. Elongation to very long chain fatty acids is done 

by very long chain fatty acids enzymes (ELOVL) where ELOVL3 was found to be 

overexpressed in cold exposed BAT and mice lacking of ELOVL3 where only able to survive 

cold by shivering thermogenesis 56. These findings indicate lipogenesis as an essential 

feature to ensure the TG amount necessary during cold exposure. 

Its high amount of mitochondria and multilocular lipid droplets make BAT appear more like 

muscle than adipose tissue 15. 

 

White adipose tissue, fat storage and endocrine function 

The main function of WAT is fat storage and fatty acid secretion. When energy intake is 

higher than consumption, fatty acids are stored in WAT. In times of fasting or cold exposure, 

WAT is activated to release its fuel (fatty acids) by stimulation of lipolysis through the 

sympathetic nervous system 57. Through the 90´s of the last century the interest in WAT 

changed from a tissue only responsible for energy storage to a tissue that also takes part in 

body metabolism. Its physiological role has changed through the discovery of the first protein 

secreted from WAT: leptin 2. More and more proteins have been discovered that are 

responsible for different functions in the body 3,58,59. Leptin e.g. is the critical hormone in 

energy balance and is produced principally by white fat, giving the tissue an endocrine 

function. Other proteins are: angiotensinogen, adipsin, acylation-stimulating protein, 

adiponectin, retinol-binding protein, tumour necrosis factor α, interleukin 6, plasminogen 

activator inhibitor-1 and tissue factor. These proteins can work as inflammatory cytokines, 

some influence the lipid metabolism and others are involved in vascular haemostasis 60.  

 

Beige/brite adipose tissue:  

A special type of adipose tissue is the so called beige (or brite) adipose tissue. 

Characteristics of the white adipocyte are a large lipid droplet and a small amount of 

mitochondria. BAT has multiple small lipid droplets, its transcriptional profile is similar to 
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skeletal muscle cells 61 and BAT has a large amount of mitochondria which overexpress 

UCP1. Beige adipocytes can differentiate in vivo from WAT or WAT precursor cells through 

activation processes (e.g. β3-adrenergic receptor agonists) and then contain multiple lipid 

droplets and express UCP1 within their mitochondria, which potentially makes them an 

important player in increasing energy expenditure and fighting against obesity 62. This 

clusters of beige cells appear e.g. through prolonged cold exposure in WAT depots close to 

noradrenergic nerve fibers which trigger the beige adipocyte recruitment 63. Typically 

norepinephrine is released from the sympathetic nerves and activates adipocyte (brown and 

beige) thermogenesis. This process normally induces UCP1 expression through 

phosphorilation of PPARу coactivator 1alpha and other activators 64,65. Sidossis et al. 

investigated the hypermetabolism in patients with burn injuries and found increased 

circulating levels of epinephrine and norepinephrine as well as elevated expression of UCP1 

in the according WAT-areas as a result of adrenergic stress 66. This proves that epinephrine 

and norepinephrine are responsible for browning of WAT which makes this tissue able to 

participate in the process of non-shivering thermogenesis. Alternatively, M2 macrophages 

are recruited to subcutaneous WAT during cold exposure and secret catecholamines to 

activate WAT browning 67,68. Irisin, an exercise-induced myokine, can also induce browning 

of WAT 69,70. This paradox finding could be shown in vitro and in vivo 69 and it has been 

hypothesized that this mechanism evolved from shivering muscle contraction to support non-

shivering thermogenesis by an increase in BAT volume and has thereby a therapeutic 

potential to treat obesity 69,70. Another important player in WAT browning is cancer cachexia. 

Through tumor-derived parathyroid hormone–related protein (PTHrP) WAT browning is 

promoted and more energy is needed in a Lewis lung cancer model 71. Deactivation of 

PTHrP inhibits WAT browning and prohibits energy wastage 71. Besides of the listed factors 

for browning there are also environmental factors, endocrine hormones and transcriptional 

mediators which can cause browning of WAT 63. Beige adipose tissue cells are only 

temporarily available for thermogenesis as they develop back to WAT-cells after activation. 
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By other studies it could be confirmed that beige adipocytes almost reached UCP1 levels of 

BAT and that beige fat mitochondria are thermogenically active 61.  

 

Form of Fatty acids (free fatty acid/ Triglyceride/ LDL-particle) 

The main suppliers of FAs taken up by BAT are TRLs (i.e. chylomicrons or very-low-density-

lipoprotein-particles) circulating in the blood 72. After incorporation into adipocytes, FAs are 

stored as TGs in lipid droplets. Lately LPL-activity was found to be important for whole body 

TRL clearance through BAT and WAT 46,73. Savonen et al. recently found a correlation 

between LPL distribution and type of tissue where the FA are taken up and identified LPL as 

a mandatory binding side for LDL particles to be processed (lipolysis with exposure of FA) 74. 
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Fatty acid imaging 

 

As already mentioned, fatty acids are the main metabolized substance in BAT. For this 

reason they are used as tracers to visualize adipose tissue and its metabolism. 

 

Figure 2: common used fatty acids for lipid metabolsim imaging. a) 14(R,S)-[
18

F]fluoro-6-thia-heptadecanoic acid 

([
18

F]FTHA), b) [
11

C]hexadecanoic acid ([
11

C]palmitate), c) 15-(4-[
123

I]iodophenyl)-3-methyl-pentadecanoic acid 

([
123

I]BMIPP), d) 4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-Indacene-3-Hexadecanoic Acid (BODIPY- C16) 

 

[18F]FTHA 

FTHA (Fig 2 a)) was developed as a myocardial imaging agent because a high amount of 

LCFA is processed in the tricarboxylic acid cycle. It can be labelled by fluoride-18 through 

isotope exchange which makes this compound an easily available PET imaging agent. It is β-

oxidized in the mitochondria and is bound irreversible to mitochondria proteins once the 

sulphur group is free 75. Maximal uptake of [18F]FTHA is similar to [11C]palmitate showing that 

neither the sulphur atom at the sixth position nor the introduction of fluorine-18 has influence 

on the uptake kinetics 76,77. 13F3THA analog showed significant lower uptake and faster 

washout, beta-oxidation is completely blocked by the sulfur atom at the odd position of 

13F3THA 78,79. Radioactivity taken up by BAT was specific to only the even-substituted thia-

[18F]FTHA and transport and metabolism steps are hindered for 13F3THA because the 

carboxyl group and the sulphur are located very close to each other. The fatty acid is 

internalized through assistance of several binding proteins in the endothelial, interstitial, and 

http://www.chemindustry.com/chemicals/01418014.html
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intracellular spaces 76. A similar mechanism for BAT as for WAT can be assumed which 

makes this compound suitable for BAT imaging. In first attempts of imaging BAT with 

[18F]FTHA Ouellet  80 could show increased FA uptake in combination with an elevated 

[11C]acetate uptake, as an oxidative tissue marker and therefore metabolism indicator, in cold 

exposed humans. Additionally a higher [18F]FDG uptake was reported indicating a higher 

energy turnover as a result of a higher metabolic activity during cold exposure 80. CT gave 

information about the lipid density, which indicates the amount of intracellular TGs, and a 

utilization of these stored TG identifies them as the main fuel during cold exposure. These 

observations are in agreement with findings in other animal models 80,81.  

 

[11C]palmitate  

Another important PET tracer is [11C]palmitate (Fig 2 b)). Its short half life of 20 min. makes 

an in-house cyclotron mandatory which restricts its use significantly. Apart from that 

restriction palmitate would be the optimal choice with respect to binding affinity as no big 

bulky chelatormolecule needs to be coupled for imaging purposes. It behaves like any other 

natural non-synthesized fatty acid, justifying why it is always compared to modified molecules 

as a gold standard 82. [11C]palmitate has been used as a myocardial imaging agent in clinical 

examinations 83-85 but as adipose tissue imaging becomes more and more important it is also 

used as a fat imaging agent in clinical experiments 86. In comparison to [123I]BMIPP (see 

below) and FTHA this FA is fully metabolized and metabolism products including [11C]CO2 

are secreted by adipocytes which is decreasing the image quality. 

 

[123I]BMIPP 

Like [18F]FTHA, [123I]BMIPP (Fig 2 c)) started as a myocardial imaging agent 87. It is labelled 

with iodine-123 through an isotopic exchange reaction to produce a SPECT- imaging agent. 

Commercial availability of BMIPP (up to 2012) and iodine-123 as well as the easy to perform 

exchange reaction 88 made this compound favourable for adipose tissue imaging. A 

dependence on the isomeric confirmation was shown by Lin et al. 87 and the [123I]-3(R)-
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BMIPP version showed uptake suitable for clinical trials. This implies that internalization is 

not hindered by the bulky benzol ring at the end of the FA. In comparison with palmitic acid 

under fasting conditions, [123I]BMIPP had lower uptake into hepatocytes but similar 

characteristic changes were observed over time 82. So far [123I]BMIPP has only been used by 

one group to image BAT and its protein contribution in FA uptake 54,89. 

 

Other radiolabelled fatty acids 

As already mentioned, radiolabelled fatty acids have been often used as myocardial imaging 

agents in the past. The already described fatty acids have been shown good characteristics 

in terms of stability, binding affinity, pharmacokinetics etc. but there have been others 

developed which will be mentioned in the following paragraph. 

[123I]iodohexadecanoic acid ([123I]IHXA) and [123I]iodoheptadecanoic acid ([123I]IHDA) have 

been developed as myocardial perfusion agents 90,91. Clearance kinetics for both agents were 

compared with [11C]palimtate and a similar clearance was found for the fast clearance 

components. The slow clearance components differed in that way that the half time for IHXA 

and IHDA was only approximately one fourth of that of [11C]palimtate 90,92. These two 

components represent β-oxidation and fatty acid storage in lipid pools. This fast elimination 

half time makes this compound unsuitable for SPECT as decreased image quality can be 

expected. In addition a deiodination process could be observed which requires special 

corrections to differentiate between myocardial and blood pool activity 93. 

15-(p-[123I]iodophenyl)-pentadecanoic acid ([123I]IPPA) showed a faster myocardial clearance 

compared to [123I]BMIPP making it unfavorable for SPECT as this results in image distortions 

and loss of quantitative image accuracy 93. This problem is caused mainly because straight 

chain fatty acids are faster metabolized and cleared via β-oxidation. The methy-group at the 

β-position of BMIPP slows down the oxidation process and improves clearance and image 

accuracy in that way 94.  
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Boron-dipyrromethene (Bodipy) 

A different imaging approach is fluorescent imaging with Bodipy. Because of its hydrophobic 

properties, Bodipy dyes can be used for staining of lipids, membranes and other lipophilic 

substance classes. High fluorescence quantum yields can be achieved due to its wide 

spread π-electron system. Fluorescence of this molecule is achieved through excitation at 

503 nm and emission at 512 nm. The extension of the crude dye determines its field of 

usage for imaging purposes. There are many approaches from tumor imaging to adipose 

tissue detection with a fatty acid modified Bodipy. It has been proven that Bodipy C-16 (Fig 2 

d)) binds specifically to fatty acid binding proteins 95 with a similar affinity as oleic acid, is 

incorporated into lipid droplets in hepatocytes 96, can be quantified by fluorescent cell 

scanners or plate readers 97 and can be followed downstream in metabolic processes after 

uptake 98. In a first try we were able to visualize WAT and BAT with Bodipy-C16 specifically 

in vitro with a 2 µM Bodipy C-16 solution (unpublished results), like already reported for 

hepatocytes 96. Uptake could be identified as specific uptake as the lipid droplets were filled 

by Bodipy C-16 and no uptake in the cell nucleus can be observed. Incorporation of the fatty 

acid works as already described through protein mediation and the Bodipy dye does not 

hinder the uptake qualitatively. As penetration depth of excitation and emitted light cannot 

overcome the tissue barrier for BAT imaging, fluorescence imaging is restricted to in vitro 

applications in this approach. With its high spatial resolution it is a powerful tool to image on 

a cellular level 95,97. 

 

Luciferin 

By imaging adipose tissue with bioluminescence, problems of PET and SPECT imaging, like 

short half life and un-physiological uptake can be overcome 99. To a non-esterified fatty acid 

probe a luciferine derivative is coupled via a disulfide linker. This disulfide bridge is stable 

outside of the cells 100 and through reduction by glutathione within the cell a thiol is produced 

which undergoes cyclization to release free luciferine 101. Free luciferine is than converted to 

oxyluciferine and a photon of light by luciferase 102. Henkin et al. investigated the imaging 
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abilities of this compound and reported specific uptake as it could be blocked by oleate in 

vitro. Additionally luciferine uptake from micelles containing FA-luciferine could be observed 

and BAT specific uptake in vivo could be proven as uptake could be increased through BAT 

stimulation 101. 
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Particle Imaging 

 

To image lipid metabolism there are also other pathways available apart from imaging FA. 

Some interesting approaches with indirect measures for FA uptake have been reported and 

will be described in this section 

 

Fluorescence labelled nanocrystals 

FA are mostly transported in TRLs through the body. At the moment there are two 

assumptions about the delivery of FA through TRLs. FA can be taken up by adipocytes after 

TRLs are lipolyzed outside of the cell 45 or TRLs are internalized before they are lipolyzed 46. 

To investigate this process Bartelt et al. labelled TRLs with hydrophobic fluorescent 

nanocrystals (QD-TRL) 46. Quantum dots (QD) have a broad excitation and a narrow 

emission range and are therefore best suited for fluorescence imaging 103. With QD-TRLs an 

internalization of lipoproteins due to an increase in permeability of the endothelial barrier 

function could be observed 46. Other applications of this imaging agent can be thought of for 

quantitative and qualitative lipoprotein incorporation. 

 

Functional MRI  

Similar to QD-TRLs, Bartelt et al. labelled lipoproteins with hydrophobic superparamagnetic 

[59Fe]oxide. The intention is the same as for QD-TGLs. The hydrophobic iron nanocrystals 

stay inside of the lipoprotein and indicate if the particle is incorporated or not. In addition the 

particle is filled with [3H]oleate to control whether FA are taken up. Bartelt et al. observed a 

faster clearance for the FA as well as for the nanocrystals after cold exposure indicating a 

contribution of BAT. Total oleate and Fe-oxide concentrations in cold activated mice of BAT 

and liver were comparable and omitting cold exposure lead to a decrease in BAT uptake for 

both. These results and the fact that [59Fe]oxide concentrations were still increased one week 

after injection indicate an internalization of the whole lipoprotein particle 46.  
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In contrast to these observations, the study of Khedoe et al. is indicating an extracellular 

lipolysis followed by protein mediated uptake of FA 45. 
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Other imaging techniques 

 

MRI 

With the possibility to image with a very high resolution and no radiation dose for the patient, 

MRI is an important player in adipose tissue imaging. By measuring the lipid content in 

interscapular BAT (iBAT), Grimpo et al. investigated the response to cold exposure and 

noradrenaline stimulation for wild type and UCP1 knock-out mice. Lipid content was the 

same for both groups under all temperature conditions with less FA stored in lipid droplets 

after cold exposure. A faster noradrenaline response could be observed in wild type mice 104. 

Additionally in the study of Holstila et al. MRI was identified as a more adequate method to 

identify and quantify BAT, independently of its activation state, compared to PET/CT with 

[18F]FDG. BAT masses calculated with PET/CT were significant smaller than the masses 

obtained through dissection. MRI provided more accurate information even if a small 

overestimation has been observed. Advantageous is the independence of the activation state 

as this method is measuring the water/lipid content and compares it with previous records. 

For the same reason no cold exposure is necessary to activate BAT. A successful human 

pilot study was performed too by this group 105. Additionally first studies have been done in 

adult humans with [18F]FDG-PET/CT as a reference standard by van Rooijen et al. 106. In 

comparison to the mentioned studies in animal models 107-110, they could not discern active 

BAT on the basis of tissue fat content. Dynamic BAT activation could be identified by T2*-

weighted MRI during cold stimulation. Eventhough PET provides images of active BAT with a 

higher contrast, MRI is capable in gaining additional information such as: temporal and 

quantitative measurements of tissue fat content, changes in blood flow, volume, and 

oxygenation of active BAT 106.    

 

CT 

A standalone computed tomography to identify BAT seems in terms of a lower radiation dose 

compared to PET/CT a good choice but without PET it is almost impossible to identify BAT 
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by the difference in Hounsfield units and gets even more complicated when WAT is located 

next to it. So most of the recent studies are PET/CT related and some indicate PET/CT with 

[18F]FDG not as the optimal choice 111. Another problem is the difference in interpreting the 

Hounsfield units as adipocytes. Gortel et al. used a threshold of -200 to -30, Maurovic- 

Horvat et al. used a threshold from -149 to -30 and Mahabadi et al a threshold of -195 to -45 

112-115. By having this differences an under or overestimation is easily possible and does not 

really describe the amount of BAT. Because of the listed reasons a CT on its own is not 

capable in identifying BAT and also a PET/CT with [18F]FDG is not the best choice anymore. 

There are several better compounds which target BAT without activation and also MRI 

seems to have more advantages and a more accurate way to identify adipocytes.  
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Ex vivo methods 

 

[3H]Triolein 

Tritium does not have the optimal properties for non-invasive imaging. Its really soft radiation 

makes it impossible to detect it from outside of the body because the emitted electrons are 

stopped after a few micrometers in tissue. Its field of application is supported by its 

favourable biodistribution and plasma extraction. By that method the uptake at certain time 

points can be tested by the fraction of Triolein still present in the blood 46,77. An impact of cold 

exposure or BAT activation through noradrenaline can be observed but not a clear 

quantification of adipocyte uptake can be achieved as lipids can be taken up by other tissues 

or cleared from the blood. 

[3H]triolein is also used in autoradiography studies. Stein et al. investigated metabolism steps 

of starved rat fat cells and found that after exposure with [3H]triolein containing blood, 9-17% 

of the esterified fatty acids were in the form of diglycerides, less than 1% were 

monoglycerides and the rest were TG. They assumed therefore the esterification of 

diglycerides to TG as the rate limiting step in the TG synthesis in adipose tissue. Four fifth of 

the signals observed were found within the lipid droplets of the cell identifying them as the 

primary destination for newly taken up FA 116.   

 

ADIFAB staining 

ADIFAB is a stain for unbound fatty acids and is only applicable in in vitro work. Acrylodan 

labelled rat intestinal fatty acid binding protein (ADIFAB) is fluorescent if it is bound to a fatty 

acid. Kampf et al. 117 investigated the change in cytosolic unbound FA in response to a 

change in extracellular unbound FA. They discovered an influx concentration dependence of 

membrane carrier proteins which could be saturated and a strong influence of translocation 

for the fatty acid uptake ratio 117. Other experiments have been done to examine the fatty 

acid uptake mechanism in vitro with ADIFAB and identified flip-flop as the rate limiting step 

for oleate transport through the lipid bilayer membrane 118. 
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Conclusion 

 

Lipid metabolism imaging has a broad field of application. It is generally accepted in terms of 

myocardial imaging, hepatic imaging etc. Our focus was to outline its broad function in fields 

within the whole body and specifically for the use to visualize adipose tissue and its 

metabolism. Its fast developing field within the niche of adipose tissue imaging draws 

attention to new imaging approaches and agents and helps to understand more and more 

this, for a long term, underestimated tissue. We expect radiolabelled fatty acids to be the 

most promising agents in clinical research to unravel adipose tissue processes in BAT for the 

next years but also fluorescent imaging, with its ability to image on subcellular level, and MRI 

should not be underestimated and will contribute to the exploration of adipose tissue and lipid 

metabolism. 
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Abstract 

 

Brown adipose tissue (BAT) is widely considered as a potential target for combating obesity 

in humans where active BAT metabolizes glucose and fatty acids as fuel resulting in heat 

production. Several prospective studies in humans have been set up to further study the 

presence and metabolic activity of BAT mostly using PET imaging in cold-stimulated 

conditions with the radiolabeled glucose derivative [18F]FDG. However, radiotracers beyond 

[18F]FDG have been proposed to investigate BAT activity, targeting various aspects of BAT 

metabolism. It remains questionable which tracer is best suited to detect metabolic BAT 

activity and to what extent the generated results correlate with ex vivo metabolic BAT activity.  

Methods: Dynamic PET and SPECT imaging, targeting different aspects of BAT activation 

such as glucose metabolism, fatty acid metabolism, noradrenergic stimulation, blood 

perfusion and amino acid transport system, was performed immediately after injection of the 

tracer in rats under different temperatures: room temperature, acute cold (4 °C for 4 h) or 

acclimated to cold (4 °C for 6 h per day during 28 days). Furthermore, MRS-derived BAT 

temperature was measured in control and cold-acclimated rats.  

Results: In rats housed at room temperature, only [18F]FDG visualized BAT. Glucose 

metabolism, fatty acid metabolism, noradrenergic stimulation and blood perfusion showed a 

clear tracer-dependent twofold increase in BAT uptake upon cold exposure. Only the tracer 

for the amino acid transport system did not show BAT specific uptake under any of the 

experimental conditions. MRS demonstrated that cold-acclimated animals had BAT with a 

stronger heat-production compared to control animals.  

Conclusion: BAT activity following cold exposure in rats was visualized by several tracers, 

while only [18F]FDG was also able to show BAT activity under non-stimulated conditions 

(room temperature). The variances in uptake of the different tracers should be taken into 

account when developing future clinical applications in humans.  
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Introduction 

 

Brown adipose tissue (BAT) has gained considerable attention over the last decade, as its 

appearance and function in humans is becoming more elucidated. The main function of BAT 

is to dissipate energy in the form of heat, a process driven by the mitochondrial uncoupling 

protein 1 (UCP1), in response to cold exposure 1,2. BAT is highly vascularized, densely 

innervated by the sympathetic nervous system and has thermogenic capacity that can 

significantly influence homeostasis 3-5.  

The presence and/or activity of BAT can be non-invasively visualized in humans using 

magnetic resonance imaging (MRI), computed tomography (CT), thermography and 

molecular imaging 6-9. Thermography is a relatively cheap technique, able to quantify 

elevations in skin temperature resulting from increased BAT activity 9,10. Since skin 

temperature is only indirectly correlated to BAT abundance (R2 < 0.3) 10, this technique is not 

optimally suited for directly monitoring BAT activity. MRI and CT are capable of visualizing 

soft tissue with a high spatial resolution but struggle to distinguish between white adipose 

tissue (WAT) and BAT. These techniques quantify the decrease in fat content during cold 

exposure as a reflection of BAT activation. Molecular imaging, using either positron emission 

tomography (PET) or single photon emission computed tomography (SPECT) is performed 

with different radiopharmaceuticals. In this study we employed 2-[18F]fluorodeoxyglucose 

([18F]FDG), 14-[18F]fluoro-6-thia-heptadecanoic acid ([18F]FTHA), [99mTc]Tc-2-methoxy-

isobutyl-isonitrile ([99mTc]TcMIBI) and [123I]-metaiodobenzylguanidine ([123I]MIBG). These 

radiopharmaceuticals are able to visualize and quantify BAT activity in humans 11-16. 

[18F]FDG mainly visualizes glucose transport and is the most frequently used tracer to image 

BAT due to its high availability. However fatty acids are the main metabolized substance 

class in BAT 17,18 and therefore [18F]FDG might largely underestimate BAT activity. In addition 

[18F]FDG BAT uptake is verifiably reduced in diabetic patients 19 due to their insulin 

resistance.  [18F]FTHA visualizes uptake of free fatty acids (probably mainly via CD36 20). 

Fatty acids are the main metabolized substance class in BAT and might therefore be a good 
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measure for BAT activation state. [123I]MIBG visualizes the density of sympathetic nerve 

endings. Norepinephrine, which is released by the sympathetic nervous system is a known 

activator for BAT 21,22 and therefore imaging with [123I]MIBG is a good indication of the 

susceptibility of BAT to be activated. [99mTc]TcMIBI visualizes perfusion of tissue by binding 

to mitochondria rich cells. BAT cells have a high number of mitochondria and in previous 

studies it was shown that [99mTc]TcMIBI is able to visualize BAT under basal conditions 11,12. 

In acute cold conditions uptake was only slightly pronounced and it was speculated that 

[99mTc]TcMIBI  only shows increased uptake after cold acclimation. Additionally [123I]I-

Phenylalanine ([123I]IPA) (targeting LAT1-4 amino acid transport system density) was used.  

[123I]IPA has never been reported to visualize BAT clinically or preclinically, but as it 

correlates to a key amino acid transport system we feel it is important to include it in our 

study. 

PET and SPECT images indicating presumed regions of BAT can also be selectively 

identified on CT and MRI images, and mRNA and protein analysis from tissue samples from 

these regions confirmed BAT-characteristics 23,24. It has also been shown that [18F]FDG 

uptake on PET images correlates positively to cold outside temperatures and negatively to a 

subjects BMI, in correspondence with predictions from in vitro work  25. However, ex vivo and 

in vitro data can vary greatly within a specific tissue or type of cell culture 26, and it remains 

an open question just to what extent intra-tissue measurements from each of these 

techniques truly represents its metabolic activity.  

The most straightforward method to activate BAT in vivo is exposure to acute cold but also 

cold acclimation further stimulates [18F]FDG PET uptake in humans 6,27,28. However no other 

radiopharmaceuticals have been used in a clinical setting to evaluate the effect of cold 

acclimation, although Baba et al. compared a number of tracers ([201Tl]thaliumchloride, 

[123I]MIBG, ([99mTc]TcMIBI, [18F]- or [3H]FDG, [3H]-l-methionine, and [3H]thymidine) to assess 

BAT uptake in rodents after acute cold exposure 11.  

Therefore 3 questions remain: 1) which aspects of BAT metabolism can best be used to 

investigate BAT activity upon acute cold exposure and cold acclimation?  2) which 
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radiopharmaceutical is most suitable to evaluate this aspects? 3) to what extent does data 

acquired using radiopharmaceuticals correlate with ex vivo findings and data acquired by 

other modalities such as MR Spectroscopy (MRS)?   

In our study, we primarily investigated to what extent different radiopharmaceuticals are 

suitable to quantify response of BAT to acute cold and cold acclimation in rats. For this 

reason, we used a rat model which was acutely exposed to cold or acclimated to cold. We 

compared tracers that were previously described to visualize BAT in clinical setting, namely 

[18F]FDG, [18F]FTHA, [123I]MIBG, [99mTc]TcMIBI and ([123I]IPA). Furthermore, using MRS, we 

visualized and quantified BAT in rat following acute cold or cold acclimation by means of 

gradient-echo sequence (FLASH – Fast Low Angle SHot).  
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Materials & Methods 

 

Animal model  

All animal studies were approved by the local animal ethical committee of the Maastricht 

University; with the internal permit number: DEC 2012-001.  Male 12-week old Wistar rats 

were acquired from Harlan and housed under controlled temperatures of 22 °C ± 1 °C and 

55-75% air humidity, in a 12 h light–dark cycle with water and food chow ad libitum. 36 

animals were, after an initial week of normal housing, placed at 4 °C for 6 h per day (9 am-3 

pm) (food/drink ad libitum) during 28 days, see also figure 1. At day -2 animals were scanned 

with one of the listed radiotracer to determine the control (room temperature) condition. To 

measure the acute cold conditions animals were scanned at day 0 after 4 h cold exposure 

and cold acclimated conditions were obtained after 28 days of cold exposure for 6 h/day. At 

day 30 cold exposed animals were injected in the cold with the PET/SPECT tracer and were 

further exposed to cold for 30 min before they were scanned to see if cold exposure during 

injection has an effect. 8 animals served as controls and were maintained at room 

temperature throughout the experiment. The physiological impact of the experiment was 

assessed by comparing food uptake, weight gain and discomfort in cold-acclimated and 

room temperature groups of animals. In addition, supraclavicular BAT was dissected and 

weighed in sacrificed animals. 
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Fig 1: Study design. Imaging with each tracer was performed sequentially in baseline conditions (day -

2, temperature regime 1 (TR-1)), after acute cold exposure (day 0, TR-2), after cold acclimation (day 

28, TR-3) and after tracer distribution in the cold (day 30, TR-4).  

 

Tracers: radiosynthesis and formulation 

[18F]FDG was purchased from GE Healthcare. Sestamibi (MIBI) was labeled with technetium-

99m according to manufacturer guidelines (Mallincrodt Medical). Non-carrier added 

[123I]MIBG was prepared as suggested by the manufacturer of the precursor 29. In short, 

synthesis was achieved by reacting iodine-123 with a polystyrene resin of dibutylstannyl 

benzylguanidine (Molecular Insight) in an oxidizing solution, transferring the [123I]MIBG over a 

cation exchange filter, rinsing with saline solution and finally collecting the non-carrier-added 

tracer by a phosphoric acid/ascorbic acid solution. After neutralization with NaOH a final 

volume of about 2ml is reached and the solution is ready for injection. The synthesis of 

([123I]IPA) was adapted from earlier publications 30,31. Non-carrier added [18F]FTHA was 
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prepared according to an adapted procedure from 32, starting from benzyl-14-(R,S)-tosyloxy-

6-thiaheptadecanoate (ABX) as a precursor. The final purified compound was formulated 

using a 0.1% rat serum albumin solution to ensure solubility.  All tracers showed a 

radiochemical purity of at least 98%.  

 

Imaging – general and anesthesia  

PET, SPECT and MRI was performed according to the timeline represented in figure 1. The 

animals were divided into subgroups, with group A, B, C, D and E (n=4 or more per group) 

being scanned with respectively [18F]FDG, [18F]FTHA, [123I]MIBG, [99mTc]TcMIBI and [123I]IPA 

and group F was used for MRI (n=8). Imaging started at 1 pm. Prior to any scan or animal 

sacrifice, animals were fasted for 4 hours at either room temperature (baseline control 

conditions) or at 4 °C (exposure to cold). PET/SPECT imaging was performed under 

pentobarbital anesthesia (0.1 ml of a 60 mg/ml solution per 100 g body weight, i.p.), as this 

sedative was reported to show the least side effects on BAT activity 33. MRI/MRS imaging, 

due to its study duration (2.5-3 h per animal) and difficulty to access the animal, did not allow 

pentobarbital, so isoflurane was used (O2 as carrier, 3% for initial sedation, 1.8% for 

maintenance).  

 

Imaging (PET, SPECT) and biodistribution 

Animals were sedated and subsequently injected in a tail vein under the camera (µPET 

Focus 120, Siemens, with a 1.4 mm spatial resolution or U-SPECT, MiLabs, with a 0.6 mm 

resolution) with 20-50 MBq [18F]FDG (group A), 20-50 MBq [18F]FTHA (group B), 100MBq 

[123I]MIBG (group C), 100 MBq [99mTc]TcMIBI (group D) or 100 MBq [123I]IPA (group E). The 

imaging room was conditioned to room temperature (21 ⁰C). 

On day -2, 0 and 28 dynamic imaging of the rat upper torso was performed immediately after 

injection for 25 minutes (8x15 sec, 6x30 sec, 5x 60 sec, 3x300 sec for PET, and 15x 3 min 

for SPECT), while on day 30 a static image was acquired at 30-55 minutes after injection. On 

day -2, the rats were placed on a heating pad, while this pad was omitted on day 0, 28 and 
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30. Body core temperature was monitored using a rectal probe during imaging. At day 30, 

immediately after imaging, animals were sacrificed and relevant organs/tissues dissected, 

weighed and counted (automated NaI(Tl) gamma counter (Wallac Wizard).  

 

Image analysis (PET/SPECT) 

After smoothing to 3x3x3 mm voxel size, image analysis was performed by drawing a volume 

of interest (VOI) around the interscapular BAT (iBAT), part of the myocardium and part of the 

liver (PMOD 3.0). The VOI around iBAT was drawn around the visible iBAT (on PET or 

SPECT image), combined with knowledge of anatomical location. Each VOI was then limited 

by applying a cut-off value of 30% of the (maximum– minimum) value in the VOI, thereby 

maintaining only tissue with true uptake. A cut-off value of 30% was found to be optimal in 

previous studies (unpublished), and lead to the final metabolically active volume (metabolic 

volume). For each VOI, the Standardized Uptake Values (SUVmean, Bq/cc in the region of 

interest, divided by the injected dose per animal weight)), as well as the metabolic volume 

and the total metabolic activity (SUVmean multiplied by metabolic volume) were calculated. For 

PET, this SUVmean value could be calculated directly using the output parameters from the 

µPET. For SPECT, the output parameter (“counts/cc”) was converted to Bq/cc using a 

previously determined phantom-based conversion factor of 635 (Bq per count) for both 

technetium-99m and iodine-123.  

 

Imaging (MRI/MRS) 

During the MR exam the rats were placed in a cradle, which was positioned in the center of a 

quadrature volume coil (ø 72 mm, transmit-receive) in a 7 Tesla MR System (Bruker Biospin, 

Ettlingen, Germany). Rectal temperature was measured using a fiber probe. Whole-body 

cooling was achieved by placing of the rats on a waterbed which was connected to a heat 

exchanger. The water was circulated by a pump and cooled from to 45 °C to ~25 °C, 

allowing rats to be cooled by three degrees Celsius from their initial rectal temperature. After 
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this temperature loss, animals were warmed again using the waterbed until rectal 

temperature reached at least 36 °C.  

In this study we use a gradient-echo sequence with a fat suppression pulse to visualize the 

position of BAT. The FLASH (Fast Low Angle SHot) sequence makes use of a moderate flip 

angle of 40 degrees, short TE of 3.9 msec and long TR of 2050 msec. When also applying a 

fat suppression pulse, the tissues containing relatively more fat will appear darker, allowing 

to precisely locate iBAT. Temperature-dependent chemical shift between H2O and the CH2 

peak of fat was measured using point resolved spectroscopy (PRESS, TE=14 ms, TR=4500 

ms, NSA=64). Spectra were acquired from a 3x2x3 mm voxel positioned in BAT, every 4 

minutes for at least 2.5 hours. Spectra were fitted using an in-house program. The chemical 

shift of the resonance of H2O and of the CH2 resonance of fat were determined and 

temperature change was quantified by assuming a temperature-dependent frequency shift of 

H2O of 0.01 ppm/⁰C. 

 

Western blot 

All animals (control animals and cold-acclimated animals) were sacrificed at day 30 of the 

experiment. iBAT and visceral WAT were dissected and snap-frozen in liquid nitrogen. 

Western blot has been performed as stated previously 34. In short, adipose tissue samples 

were incubated with RIPA buffer, frozen and after thawing lysates were passed through a 25-

G needle. Lysates were seperated using SDS-PAGE prior to electrophoretic transfer onto 

nitrocellulose membranes. The UCP1 antibody was from Abcam (Cambridge, UK). CD36 

and GLUT4 antibodies were purchased from Santa Cruz (Dallas, TX).  

 

Quantitative real-time PCR 

All animals (control animals and cold-acclimated animals) were sacrificed at day 30 of the 

experiment. iBAT and visceral WAT were dissected stored in RNA-later prior to further 

mRNA expression analysis. Rat mRNA primer sets were developed and optimized for 

PPARγ, C/EBPα, Sirtuin1, UCP1, UCP2, ADRB3, DIO2, GLUT4, ATGL, LPL  and PRDM16 
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transcripts. All gene expression data were normalized to beta-actin (see supplemental 

materials for detailed information on mRNA analysis).  

 

Statistics 

Imaging data from animal groups were compared using ANOVA (with Bonferroni correction) 

for inter-group comparison, and a paired student’s t-test for intra-group comparison. mRNA 

data and protein data were compared using an unpaired t-test. P < 0.05 was considered to 

be statistically significant. All statistical tests were performed using GraphPad Prism 

(GraphPad Software).  
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Results 

 

Physiological impact of the study  

Animals exposed to cold showed no signs of severe discomfort. Only during the first 2-3 days 

of the study the animals showed mild discomfort (shivering when exposed to cold). Animals 

acclimated to cold tended to gain less weight compared to animals in control conditions (1.10 

± 0.15 g/day vs 1.43 ± 0.12 g/day, p=0.09), however the cold acclimated animals did eat 

more (29.4 ± 1.1 g/day vs 26.3 ± 0.9, p=0.05). In addition, upon dissection, total interscapular 

adipose tissue (iAT) showed a tendency to be larger in cold-acclimated animals (1.66 ± 0.13 

g vs 1.35 ± 0.08 g, p=0.13). iAT consisted of brownish adipose tissue, covered by a layer of 

white-pale adipose tissue. iWAT reduced in weight by cold acclimation from 0.65 ± 0.08 to 

0.50 ± 0.06 (p=0.14), while iBAT increased in weight from 0.70 ± 0.07 g to 1.16 ± 0.10 g 

(p=0.01) (Fig 2).  

 

 

Fig 2: iBAT metabolic volumes of [
18

F]FDG, [
18

F]FTHA, [
123

I]MIBG and [
99m

Tc]TcMIBI, as well as iBAT and iWAT 

volume determined by dissection, in different temperature conditions. 
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PET and SPECT imaging 

In baseline conditions, [18F]FDG images showed pronounced uptake in heart and brain, and 

to some extent in iBAT (Fig 3). Upon acute cold exposure, uptake was still increased in the 

heart and the brain (although less pronounced), but now iBAT and cervical brown adipose 

tissue (cBAT) were also clearly visible (image not shown). After acclimation, this pattern was 

very well-defined (Fig 4). For [18F]FTHA, baseline condition images showed a high uptake in 

the liver and the heart, with only minor uptake in the iBAT. Upon cold exposure, uptake was 

clear again in the heart and the liver, however, now iBAT was also clearly visible. After 

acclimation, this pattern was even more pronounced, also showing cBAT (Fig 3 and 4). For 

[123I]MIBG, a pattern similar as compared to [18F]FTHA was observed, although  uptake in 

BAT was less prominent (Fig 3 and 4). For [99mTc]TcMIBI, baseline condition images showed 

again a high uptake in the liver and the heart, with only minor uptake in iBAT. Upon cold 

exposure or cold acclimation, uptake in iBAT increased mildly (Fig 3 and 4). Finally, [123I]IPA 

showed no specific uptake anywhere in the upper torso in any condition (Fig 3 and 4).  
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Fig  3: Transverse (A), sagittal (B) and coronal (C) slices of images from a room-temperature housed rat, 

centered on iBAT, depicting the anatomy, [
18

F]-FDG distribution, [
18

F]-FTHA distribution, [
123

I]-MIBG distribution, 

[
99m

Tc]-MIBI and [
123

I]-IPA distribution. Uptake in BAT is low for all tracers.  
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Fig 4: Transverse (A), sagittal (B) and coronal (C) slices of images from a cold-acclimated rat, centered on iBAT, 

depicting the anatomy, [
18

F]-FDG distribution, [
18

F]-FTHA distribution, [
123

I]-MIBG distribution, [
99m

Tc]-MIBI and 

[
123

I]-IPA distribution. iBAT, and to some extent cBAT show a high uptake for all tracers except [
123

I]-IPA.  

 

Figure 5 shows the SUVmean values for each tracer in iBAT in different conditions. It can be 

seen that acute cold exposure results in an increased SUVmean value for [18F]FDG, 

[18F]FTHA, [123I]MIBG and [99mTc]TcMIBI in iBAT when compared to baseline conditions (p-

values are respectively 0.11; 0.03; 0.001 and 0.02) (also see Table 1). Cold acclimation 

results in similar increases when compared to room temperature values. As shown in figure 

2, the metabolically active tissue volume in iBAT is increased after cold acclimation when 

investigated with [18F]FDG, [18F]FTHA, [123I]MIBG and [99mTc]TcMIBI. Surprisingly, this 

increase in labeled tissue is already present after single acute cold exposure for [18F]FTHA 

and to some extent also [123I]MIBG. [123I]IPA shows poor uptake in iBAT, preventing accurate 

VOI drawing. As a result, it is only possible to estimate SUVmean [
123I]IPA values in iBAT, but 
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not the metabolic volume or total metabolic activity. The SUVmean values show no change 

over the course over the experiment.  

 

Table 1: SUV, metabolic volume and total metabolic activity of [
18

F]FDG, [
18

F]FTHA, [
123

I]MIBG, [
99m

Tc]TcMIBI 

and [
123

I]IPA in iBAT in baseline conditions, after acute cold exposure, after cold acclimation and after uptake in 

the cold. ↑ indicates a p-value < 0,10 when compared to baseline conditions, while † indicates a p-value < 0,10 

when compared to the value after acute cold exposure. NQ indicates “not quantifiable”, while NA means these 

data are not available.  

iBAT Baseline 
Acute cold 

exposure 
Acclimated to cold Uptake in cold 

Tracer SUV (g/cm
3
) 

[
18

F]FDG 1.54±0.26 3.24±0.88  3.10±1.39 3.23±1.51 

[
18

F]FTHA 0.92±0.07 2.14±0.20↑ 1.78±0.22↑ 2.36±0.24↑ 

[
123

I]MIBG 0.86±0.24 3.15±0.20↑ 2.06±0.42↑ 1.82±0.12↑ 

[
99m

Tc]TcMIBI 1.99±0.31 2.69±0.34↑ 2.20±0.40 2.83±0.56 

[
123

I]IPA 1.27±0.04 1.21±0.09 1.22±0.01 NA 

 Metabolic volume (cm
3
)  

[
18

F]FDG 0.32±0.07 0.35±0.12 0.59±0.06↑ 0.54±0.03↑ 

[
18

F]FTHA 0.20±0.01 0.62±0.04↑ 0.80±0.06↑,† 0.64±0.12↑ 

[
123

I]MIBG 0.08±0.02 0.15±0.02↑ 0.41±0.05↑,† 0.30±0.03↑,† 

[
99m

Tc]TcMIBI 0.23±0.03 0.23±0.05  0.36±0.05↑,† 0.42±0.05↑,† 

[
123

I]IPA NQ NQ NQ NA 

 Total metabolic activity (SUV x Volume) (cm
3
) 

[
18

F]FDG 0.48±0.09 0.89±0.11↑ 1.71±0.52↑ 1.78±0.66↑ 

[
18

F]FTHA 0.18±0.01 1.41±0.16↑ 1.41±0.17↑ 1.54±0.38↑ 

[
123

I]MIBG 0.07±0.04 0.46±0.06↑ 0.79±0.12↑,† 0.54±0.02↑,† 

[
99m

Tc]TcMIBI 0.43±0.06 0.59±0.08 0.74±0.06↑ 1.25±0.34↑,† 

[
123

I]IPA NQ NQ NQ NA 
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 Fig 5: iBAT SUVmean values of [
18

F]-FDG, [
18

F]-FTHA, [
123

I]-MIBG, [
99m

Tc]-MIBI and [
123

I]-IPA in different 

temperature conditions. 

 

In comparison, the myocardium and the liver showed no significant changes in SUVmean 

values throughout the study for any of the tracers, nor did their (metabolic) volume change.  

In addition, there was no difference in data obtained from images that were acquired by 

injecting the tracer in cold-acclimated animals under the camera, in a room where the animal 

was no longer exposed to cold during tracer distribution, and images that were acquired after 

the tracer had been given the chance to distribute in the cold-acclimated animal for 30 

minutes in a cold environment (also see Table 1). 

Analysis of biodistribution data obtained from dissected tissue (Table 2) confirms the data 

obtained from images. Dissection data did allow quantification of a number of aspects that 

were impossible to derive from imaging data, such as the discrimination between iWAT and 

iBAT, thereby clearly showing that only iBAT has tracer uptake. Perivascular BAT, often 

visible but never quantifiable on images due to its small size and structure, showed a similar 

uptake to that in iBAT when corrected for weight.  
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Table 2: Biodistribution (determined by dissection) of [
18

F]FDG, [
18

F]FTHA, [
123

I]MIBG, [
99m

Tc]TcMIBI and [
123

I]IPA 

in selected organs 1 h after tracer uptake in the cold.  

%ID/g [
18

F]FDG [
18

F]FTHA [
123

I]MIBG [
99m

Tc]TcMIBI [
123

I]IPA 

iBAT  2.89±0.66 1.36±0.39 0.93±0.23 0.90±0.10 0.37±0.04 

iWAT 0.41±0.12 0.16±0.06 0.18±0.03 0.16±0.02 0.26±0.03 

Perivascular 

BAT 

3.65±1.55 1.08±0.30 2.02±0.54 1.49±0.37 0.52±0.05 

Intestinal WAT 0.19±0.01 0.14±0.05 0.12±0.03 0.05±0.01 0.22±0.10 

Subcutaneous 

WAT 

0.18±0.02 0.08±0.01 0.17±0.05 0.10±0.03 0.04±0.07 

Liver 0.37±0.04 3.16±0.38 1.64±0.14 1.25±0.26 0.68±0.04 

Lung 0.36±0.05 0.53±0.11 3.45±0.39 0.55±0.02 0.57±0.02 

Heart 2.34±0.25 1.01±0.08 4.35±0.34 3.00±0.23 0.58±0.01 

Muscle 0.10±0.01 0.07±0.01 0.11±0.01 0.12±0.02 0.40±0.04 

Salivary glands 0.51±0.05 0.43±0.06 1.87±0.28 1.93±0.30 0.34±0.23 

Blood 0.34±0.06 0.12±0.01 0.16±0.01 0.02±0.01 0.93±0.02 

 

 

MR Spectroscopy 

The use of the gradient-echo sequence with a fat suppression pulse made it possible to 

visualize the position of BAT in rat (Fig 6). The FLASH sequence combined with a fat 

suppression pulse, makes the WAT darker in comparison to the BAT. Temperature was 

determined in BAT, and as a reference, also in muscle tissue by MRS and furthermore, rectal 

temperature was determined. The one-hour cooling protocol resulted in a decreased 

temperature of 1.9 ± 0.9 °C in non-acclimated animals and a decrease of 1.8 ± 0.9 °C in 

cold-acclimated animals (also see Table 3). During this period of cooling, MRS-derived 

temperature in BAT decreased by 1.2 ± 0.9 °C in non-acclimated animals but increased by 

0.3 ± 1.5 °C in cold-acclimated animals (p=0.22). MRS-derived temperature in muscular 

tissue (including a minor amount of subcutaneous adipose tissue) decreased by 2.4 ± 1.5 °C 

in non-acclimated animals and by 1.4 ± 1.8 °C in cold-acclimated animals (p=0.18). In cold-

acclimated animals the decrease in BAT temperature is less pronounced than that in 
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subcutaneous muscular tissue (p = 0.08) or in the rectum (p = 0.004), while temperature in 

non-acclimated animals showed a similar time course in BAT vs. muscle and rectal 

temperature (p > 0.15 and > 0.17 respectively).  

 

Table 3: MRS-derived temperature differences in BAT and Muscle and rectal temperature difference in control 

and cold-acclimated animals. There is no statistically significant difference between cold-acclimated and control 

animals.  

Temperature change upon 1 hour 

of cooling 

Control  Cold-acclimated 

Rectal  -1.9 ± 0.9 °C -1.8 ± 0.9 °C 

MRS-derived muscle -2.4 ± 1.5 °C -1.4 ± 1.8 °C 

MRS-derived BAT -1.2 ± 0.9 °C +0.3 ± 1.5 °C  

 

 

Fig 6: Images and their corresponding spectra from different positions in the body. BAT = Brown Adipose tissue, 

SAT = Subcutaneous Adipose Tissue. 
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mRNA expression and protein expression 

mRNA expression of genes related to BAT metabolism (PPARγ2, C/EBPα, UCP1, ADRB3, 

DIO2, ATGL, PRDM16) were higher in iBAT compared to iWAT. Similar results were 

observed for GLUT4 mRNA expression when comparing iBAT to iWAT although the results 

did not reach statistical significance (data not shown). When examining protein expression, 

control animals showed higher levels of UCP1 and GLUT4 protein expression in iBAT 

compared to WAT, however CD36 protein expression was similar between iBAT and WAT 

(p=0.43).  

Cold acclimation did not alter mRNA expression of the selected genes in BAT. PRDM16 

mRNA expression decreased following cold acclimation in BAT (p=0.013). No changes in 

protein levels of UCP1, GLUT4 or CD36 in BAT were detected following cold acclimation 

using western blot (data not shown). 
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Discussion 

 

In this study, we used a rat model to assess BAT molecular imaging with [18F]FDG, 

[18F]FTHA, [123I]MIBG, [99mTc]TcMIBI and [123I]IPA in baseline and different cold-stimulated 

conditions. Additionally we investigated temperature of BAT and muscle as a negative 

control in cold stimulated conditions by MRS and analyzed mRNA and protein expression of 

a number of relevant genes.  

In our model, cold acclimation caused a clear growth of iBAT volume, while white 

interscapular adipose tissue decreased in volume. mRNA and protein levels easily allowed to 

distinguish brown from white adipose tissue in our study, but did not show any significant 

differences between control and cold-acclimated animals. Unlike reported in literature 26,35-37 

we cannot report an up regulation of BAT specific genes (e.g. UCP1, PPARγ, LPL). This can 

be caused by several reasons e.g. the biological half-life of certain mRNAs is in the order of 

hours and therefore dependent on diurnal variations. Timing of sampling might therefore of 

high importance 38,39. Furthermore, the choice of housekeeping genes is a topic of 

discussion. In our experiment, a broadly used housekeeping gene, GAPDH was variable 

throughout the experiment and therefore not suitable as reference. As we expose the 

animals to cold over a long period, cell type alterations in the whole fat depot are possible 

which can be caused e.g. by cell differentiation. In such experiments, the choice of 

housekeeping gene is especially difficult, as these alterations might affect the transcriptional 

apparatus and by that the absolute expression of the housekeeping gene might be changed 

26. 

Protein expression levels of relevant genes did allow, just like mRNA expression levels, to 

distinguish BAT from WAT. However, just like mRNA expression levels, cold-acclimation did 

not lead to a significant change in protein expression levels. 

Although we were not able to report any differences in mRNA/protein levels of BAT in cold 

acclimated vs. control animals as reported in literature (e.g. UCP1 26, PPARγ 35, CD36 36,37) 
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we were able to distinguish between BAT and WAT by these techniques, which was 

important for ex vivo analysis of tissue samples. 

MRS showed that the temperature drop in BAT was less pronounced after cold acclimation, 

which can be interpreted as an increase in BAT activity. In cold acclimated animals BAT 

temperature differed significantly in comparison to rectal and muscle temperature. A 

comparison between BAT temperatures of non cold acclimated vs. cold acclimated animals 

showed a clear trend towards higher temperatures in cold acclimated animals but did not 

reach significant differences. This is also in accordance with the results obtained from the 

biodistribution where cold acclimation significantly increased iBAT volume. A larger BAT 

depot, which results from cold acclimation, would be better suited to maintain or even 

increase its temperature during cold due to more active BAT. 

[18F]FDG allowed iBAT visualization in warm conditions as well as in animals exposed to 

acute cold and cold-acclimated animals. If animals were exposed to cold, cBAT was visible 

as well. [18F]FTHA, [123I]MIBG and [99mTc]TcMIBI poorly visualized iBAT in warm conditions, 

but clearly showed iBAT and to some extent also cBAT in animals exposed to acute cold and 

when animals were acclimated to cold. [123I]IPA did not visualize iBAT in any setting and is 

therefore not suited as a BAT imaging tracer. 

The analysis of tracer SUVmean values in iBAT showed that, when compared to warm 

conditions, the focal uptake of [18F]FDG, [18F]FTHA and [123I]MIBG in animals exposed to 

acute cold was about double, while for [99mTc]TcMIBI the increase was by a factor of 1.3. 

Considering the time window of 4 hours cold exposure, the factor of 1.3 is probably due to an 

increase in perfusion / blood flow and not to an increase in mitochondrial density. This 

confirms earlier findings of increased blood flow due to cold exposure with other tracers such 

as [201Tl]thallium chloride 11.  

Cold-acclimation did not further increase focal uptake of any of the tracers, indicating that 

one single 4 h cold exposure is sufficient to reach a maximum tracer uptake in (the 

metabolically active part of) iBAT in our rodent model. This is in contrast to what has been 

reported in humans, where the SUVmean of active BAT continued to increase upon chronic 
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cold acclimation 27,40. We hypothesized that this effect is induced by the fact that room 

temperature (22 °C) is already below the thermoneutral zone of rats (~30 °C) 41 so that a 

slight cold acclimation already takes place under control conditions.   

The volume of tissue with a high tracer uptake shows a different pattern, as the volume after 

cold exposure is similar to that in warm conditions and is only increased upon cold-

acclimation for [18F]FDG and [99mTc]MIBI. For [18F]FTHA and [123I]MIBG the increase in 

volume already starts after acute cold exposure, and then increases further upon cold-

acclimation. These findings are to some extent not congruent with those found in literature 

from clinical studies, in which [18F]FTHA showed a lack of uptake under acute cold exposure 

and less uptake compared to FDG upon cold stimulation 14. This difference in [18F]FTHA may 

be due to a metabolic difference in animal species (rat vs. human), but may also be due to 

the higher difficulty of delineating brown adipose tissue in humans compared to rats. The 

volume increase of active BAT is in accordance with the results obtained from MRS and the 

biodistribution where increased BAT temperature or volume could only be found after cold 

acclimation. 

The total BAT activity is increased firstly by an acute cold exposure which induced an 

increase in metabolic activity in a small volume of iBAT (i.e. activation of existing brown 

adipocytes), and secondly by a cold-acclimation induced increased in metabolically active 

volume (i.e. increased number of activated brown adipocytes). This is different from humans, 

where cold acclimation leads to both an increased volume and increased SUVmean value 27. It 

is possible that, compared to the necessary presence of frequently activated BAT in rodents, 

human BAT may be more facultative and therefore can be stimulated to a greater extent 

when compared to baseline room temperature conditions.  

All tracer except for [123I]IPA were able to visualize BAT under acute and acclimated cold 

conditions. With the support of the different tracer we were able to investigate different 

aspects of BAT metabolism and features during cold exposure and compare these results to 

other measurement techniques. Invasive measurements of BAT volume were coherent with 

results obtained by MRS and dissection of iBAT.  
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The current imaging procedures in humans, with different cooling protocols and different 

tracers in different centers, is known to confer significantly different results in terms of total 

BAT activity, especially when comparing different tracers 1,42-46. Our data may offer an 

explanation for this phenomenon, as tracer uptake can be dependent on the amount of cold 

exposure, and the nature of this dependence seems different for each tracer.  
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Conclusion 

 

[18F]FDG, [18F]FTHA, [123I]MIBG and [99mTc]TcMIBI, but not [123I]IPA, are suitable for imaging 

aspects of BAT activity using non-invasive molecular imaging, while MRS is able to quantify 

heat production in BAT, even in an animal model where classical ex vivo techniques fail to 

show significant trends. The uptake in BAT of each tracer responds differently to acute cold 

exposure, and cold-acclimation does not increase BAT tracer uptake as strongly in our 

animal model as it does in humans. Those differences in tracer uptake characteristics should 

be considered during study planning as well as it should be translated to clinical applications.  
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Supplementary Information 

 

mRNA quantification 

Selected tissues were harvested from 16-week old Wistar rats that were housed continuously 

at room temperature (n=3) and frozen in RNA-later (Qiagen) at -80 ⁰C for later RNA isolation 

and gene expression analyses. The selected tissues were brown interscapular adipose 

tissue (iBAT), white interscapular adipose tissue (iWAT) and intraperitoneal WAT (ipWAT). 

Rat mRNA primer sets were PPARγ, C/EBPα,, Sirtuin1, UCP1, UCP2, ADRB3, DIO2, 

GLUT4, ATGL, LPL  and PRDM16.  

Tissues were lysed, disrupted and homogenized using the Mini-BeadBeater by violently 

agitating 2 ml screw-cap microvials containing small glass beads and RLT buffer (Qiagen) 

supplemented with 1% 2-mercaptoethanol (Sigma). Total cellular RNA was isolated from 

lysed cells using RNeasy Mini kit (Qiagen) according to manufacturer’s instructions. Genomic 

DNA was removed by DNAse I (Invitrogen) treatment followed by reverse transcription using 

random hexamer primers (Invitrogen) and Superscript III Reverse Transcriptase (Invitrogen) 

according to standard procedures. Primers for quantitative PCR analysis were generated 

using primer-BLAST software (NCBI). All primers were selected to span exon-exon 

boundaries with a maximal amplification length of 300 bp. Primer specificity was confirmed 

by melting curve analyses and product size confirmation by gel-based PCR analyses. Real-

time PCR was performed with Sybr green detection (SensiMix SYBR & Fluorescein Kit, 

Bioline) using an iCycler iQ (Biorad) and primers (10pmol) specific for the different genes. 

The PCR program consisted of 10 min. initial heating at 95°C (hot start polymerase), 

followed by 35 cycles amplification (30 sec. at 95°C, 20 sec. at the optimized annealing 

temperature and 20 sec. at 72°C) and a final heating up to 90°C (increasing 0.5°C/ 30 sec.) 

for the generation of a melting curve. Quantification of a gene of interest was done by 

generating a standard curve using serial dilutions of a reference sample (mixed cDNA of BAT 

of 3 different rats). Relative expression levels were obtained by normalizing to the expression 

of β-actin in the corresponding sample. Each data point of the graphs was generated by 



84 

 

determining expression of the gene of interest on the different rats in duplicate and 

normalizing these data to the corresponding expression of β-actin used as housekeeping 

gene in our assay (β-actin was chosen as it was the most stable housekeeping gene in our 

experiment).  

 

S1 Table: Relative mRNA expression levels (shown as a percentage of beta-actin expression) of different genes 

in iBAT, iWAT and ipWAT. Cold-acclimation = animals exposed to cold for 6h per day for 4 weeks. – indicates a 

value below 1%. (*) iicates a statistically significant difference between animals housed at RT or in cold-

acclimated conditions, while (†) indicates a statistically significant difference between brown adipose tissue and 

white adipose tissue.  

 Room temperature housing Cold acclimation 

mRNA gene iBAT iWAT ipWAT iBAT iWAT ipWAT 

PPARγ2 (†) 139±25 35±12 50±7 111±11 32±12 39±6 

C/EBPα (†) 237±43 77±24 93±20 110±28 (*) 55±19 80±22 

FOXo1 139±38 123±7 71±19 144±20 84±21 85±10 

Sirtuin1 198±31 145±15 125±24 139±27 96±2 84±8 

UCP1 (†) 238±43 77±24 93±20 110±28 (*) 55±19 80±22 

UCP2 4±3 13±8 10±2 6±1 14±4 20±9 

ADRB3 (†) 517±175 124±77 157±63 193±64(*) 50±30 25±18(*) 

DIO2 (†) 5±3 - - 6±1 - - 

GLUT4 (†) 29±5 3±1 2±1 24±5 4±1 6±1 

ATGL (†) 295±78 66±55 51±21 183±48 20±11 17±5 

LPL 120±46 83±38 136±20 129±18 86±41 130±30 

PRDM16 (†) 125±15 11±4 7±1 55±3(*) 4±1 8±5 
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S2 Table: Primer sequences for RT-PCR. For each gene, a minimum of 20 bases was chosen for the primer 

length, which was increased where necessary to ensure specificity. 

mRNA gene Forward Reverse 

PPARγ2 GCCTGCGGAAGCCCTTTGGT CAGCAAGCCTGGGCGGTCTC 

C/EBPα GGTACGGCGGGAACGCAACA GAAGATGCCCCGCAGCGTGT 

FOXo1 GGACAGCCGCGCAAGACCAG TTGAATTCTTCCAGCCCGCCGA 

Sirtuin1 GCTCGCCTTGCGGTGGACTT GACGGCTGGAACTGTCCGGG 

UCP1 ACCTTCCCGCTGGACACTGC GCCAGGGTGGTGATGGTCCC 

UCP2 GCTGGGACAGCTGCCTGCAT CGGTGCGCACTAGCCCTTGA 

ADRB3 ACGAGATGGCTCCGTGGCCT CAGCAGGTTGCCTCCCACCG 

DIO2 GGGCTGCGCTGTGTCTGGAA CGGCCCCATCAGCGGTCTTC 

GLUT4 ACCCACCGGCAGCCTCTGAT TAGGCTGGCTGTCCCACCCC 

ATGL TGGACGCCTGGGCATCTCCC TGTGCTGCAGACATTGGCCTGG 

LPL AGTCTGGCTGACACTGGACAAACA CACCCTGGGTTAGCCACCGTTTA 

PRDM16 CCAATCAGGCGGGGTCTGGC GCACCAACAGTTCCTCTCCAGGC 

Beta-actin CGACAACGGCTCCGGCATGT TAGGGCGGCCCACGATGGAG 
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Chapter 4: 
Synthesis, radiosynthesis and in vitro evaluation of 

[
18

F]Bodipy-C16/triglyceride as a dual modal imaging agent 
for brown adipose tissue 
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Abstract  

 

Background: Brown adipose tissue research is in the focus in the field of endocrinology. We 

designed a dual-modal fluorescent/PET fatty acid based tracer on commercially available 

Bodipy-C16, which can be synthesized to its corresponding triglyceride and which combines 

the benefits of fluorescent and PET imaging. 

Methods: Bodipy-C16 was coupled to 1,3-diolein resulting in Bodipy-triglyceride. Bodipy-C16 

and Bodipy-triglyceride compounds were radiolabeled with fluorine-18 using an 18F/19F 

exchange reaction to yield a dual-modal imaging molecule. Uptake of radiolabeled and non-

labeled Bodipy-C16 and Bodipy-triglyceride was analyzed by fluorescence imaging and 

radioactive uptake in cultured adipocytes derived from human brown adipose tissue and 

white adipose tissue.   

Results: Bodipy-C16 and Bodipy-triglyceride were successfully radiolabeled and Bodipy-C16 

showed high shelf life and blood plasma stability (99% from 0-4 h). The uptake of Bodipy-C16 

increased over time in cultured adipocytes, which was further enhanced after beta-

adrenergic stimulation with norepinephrine. The uptake of Bodipy-C16 was inhibited by oleic 

acid and CD36 inhibitor sulfosuccinimidyl-oleate. The poor solubility of Bodipy-triglyceride did 

not allow stability or in vitro experiments.  

Conclusion: The new developed dual modal fatty acid based tracers Bodipy-C16 and 

Bodipy-triglyceride showed promising results to stimulate further in vivo evaluation and will 

help to understand brown adipose tissues role in whole body energy expenditure. 
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Introduction 

 

Positron emission tomography (PET) allows non-invasive whole body imaging for different 

purposes by detecting pairs of annihilation rays. The positron emitter fluorine-18 is frequently 

used due to its short half-life (109 min), which makes it suitable for imaging purposes, and its 

broad domain in chemical reactions. Nevertheless PET is limited, already by physical laws 

(pathway of the positron), in spatial resolution and therefore cannot detect microscopic or 

subcellular structures. On the other hand optical fluorescence imaging has a high spatial 

resolution, making it an interesting topic for intraoperative imaging as well as in vitro 

evaluation of tracers 1,2. However, fluorescence imaging is lacking of high penetration depths. 

By combining PET and fluorescence imaging it is possible to overcome the disadvantages of 

both techniques and to create a new powerful tool to image from the whole-body down to 

sub-cellular level with the same imaging agent. The increased complexity and the effect of 

the fluorescent dye on the biodistribution are the major challenges when it comes to the 

development of a dual-modal imaging agent.  

Brown adipose tissue (BAT) research has evolved vastly within endocrine research. For a 

long time it was thought that BAT was only present in infants but retrospective PET/CT 

studies with [18F]Fluoro-2-deoxy-2-D-glucose ([18F]FDG) identified active BAT in adult 

humans 3-5. These findings could be confirmed later by dedicated cold exposure studies 

where a direct correlation between cold exposure and BAT metabolic activity, measured 

through [18F]FDG uptake, was reported 6-8. The potential of BAT to combat obesity and 

obesity-associated diseases makes BAT an interesting target 9.  

The variety of quantification approaches of BAT volume and metabolic activity reaches from 

in vitro experiments 10 over invasive imaging with fluorescence probes 11 or tritiated 

compounds 12 to non-invasive experiments with PET 3-5,13,14, SPECT 15,16 and MRI 17-19. Even 

though fatty acids (FAs) are the main fuel source for adipocytes, [18F]FDG is mostly used in 

studies to quantify BAT activity 4,20,21. FA uptake is more difficult to quantify because there is 

a large variety of different FAs and triglycerides (TGs) present in the human body which 
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makes the uptake dependent on the affinity of the single FA and not on the substance class 

itself. Nevertheless FAs are the major metabolized substances in BAT and therefore it is 

possible that BAT activity and lipid uptake is largely underestimated by FDG scans (which 

only show glucose-related uptake) 13. Therefore the need exists to use a FA-based BAT 

tracer to quantify BAT activity and FA uptake, to study uptake dynamics and to exclude the 

chance of underestimating BATs metabolic activity with FDG scans. 

Radiolabeled FAs in general have been developed in several variations for imaging purposes 

(e.g. FTHA (14(R,S)-[18F]fluoro-6-thia-heptadecanoic acid), BMIPP (beta-methyl-p-[I123] 

iodophenylpentadecanoic acid), [11C]palmitate 22-26). We here report the development of a 

FA-based tracer which is suitable for both, PET and fluorescence imaging from the 

fluorescent FA Bodipy-C16 (BDP-FA) with which it is possible to image from whole body to 

sub-cellular level. Bodipy dyes have been already used to image brown adipose tissue 11 and 

it has been proven that fatty acid transport proteins (FATP) have a preference for Bodipy-FL 

coupled to a long carbon chain (C ≥ 8) 27. Furthermore, downstream metabolic reactions in 

white adipocytes were already visualized 28. Since we did not want to decrease the good 

binding properties of BDP-FA by introduction of another chelator molecule, we got interested 

in 18F/19F exchange reactions used to transform fluorescent dyes into dual-modality 

PET/fluorescent imaging dyes 29-33. Because the FA is only modified at the end of the carbon 

chain, neither an increased steric demand, nor lowering of the targeting efficiency is 

expected. In comparison to previous reports, we want to go a step further and synthesize 

also the, in vivo predominant, triglyceride form of the [18F]BDP-FA. Here we describe a 

synthetic approach resulting in a dual-modal molecule to visualize BAT in vivo and in vitro 

with the same tracer which should help to understand this not completely evaluated tissue, 

its functions and metabolism. 
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Materials and Methods 

 

Commercially available compounds were used without further purification unless otherwise 

stated. BODIPY-FL-C16 was purchased from Thermo Fischer Scientific (99%) (Netherlands). 

1,3-diolein was purchased from Sigma Aldrich (≥ 99%). DMEM/F-12 was purchased from 

ThermoFischer (Waltham, MA).  

All HPLC purifications (1.0 mL/min, solvent A; 0.1% TFA in water, solvent B; CH3CN, 50°C) 

were performed on a Shimadzu UFLC HPLC system equipped with a DGU-20A5 degasser, a 

SPD-M20A UV detector, a LC-20AT pump system, a CBM-20A communication BUS module, 

a CTO-20AC column oven, and a Scan-RAM radio-TLC/HPLC-detector from LabLogic using 

an Aeris™Widepore column (XB-C18, 3.6 μm, 4.6 mm × 250 mm) for the BDP-FA or an 

Aeris™Widepore column (C4, 3.6 μm, 4.6 mm × 250 mm) for the Bodipy-triglyceride (BDP-

TG). ESI-MS was performed on a Applied Biosystems SCIEX API 150 EX electrospray 

ionization quadrupole (ESI-Q) mass spectrometer with the method of McAnoy et al. 34. 

Briefly, 0.1M aqueous ammonium acetate solution was added to the probe to observe the 

ammonium salt in the MS. 

1H-NMR spectra were carried out on a Bruker UltrashieldTH 400 plus at 400 MHz. Tol-d8 was 

used as solvent with TMS as internal standard. Chemical shifts are reported in parts per 

million (ppm) relative to the internal standard. 

 

Synthesis of BDP-TG 2 

BDP-FA 1 (300 μg, 0.6 μmol) in acetonitrile was evaporated to complete dryness before the 

reactant was reconstituted in toluene (100 μL). To the resulting solution SOCl2 in toluene 

(100 μL, 4 vol.-%) was added, incubated for 5 min at 70°C in a closed vial and evaporated. 

The product was reconstituted in toluene (50 μL) containing 1,3-diolein (2 μL, 2.8 μmol) and 

heated to 100°C for 30 min. After the reaction time, purification by HPLC (1 mL/min, 30% to 

15% A in 5 min, 15% to 0% A from 5 to 6 min, 0% A to 20 min) yielded 2 (225 μg, 75%) as a 

red solid;  tR= 12.3 min. ESI-MS(+): m/z (%) = 1058 (100) [M - F-]+, 1095 (82) [M + NH4]
+. 1H 
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NMR (400 MHz, Tol-d8); δ (ppm) = 5.46 (m, 4H), 4.26 (m, 2H), 4.06 (m, 2H), 3.13 (m, 1H), 

1.75 (s, 3H). 

Additional experiments were performed using BMIPP (beta-methyl-p-

iodophenylpentadecanoic acid) as starting FA. Different ways of synthesis were evaluated, 

where reaction time, temperature and chlorinating agent were changed (see results section). 

 

Radiolabeling of Bodipy-C16 3  

Aqueous fluorine-18 solution was loaded on a QMA-cartridge which was preconditioned with 

15 mL K2CO3 in water and 20 mL water. Fluorine-18  (42 MBq) was eluted with a mixture of 

600 μL acetonitrile, 300 μL H2O and 100 μL K2CO3 solution (5 mg/mL). Fluorine-18 solution 

was transferred into a drying vessel containing tetra-n-butylammonium bromide (80 μL) as a 

phase transfer agent. Acetonitrile (3 × 1.0 mL) was added and the solution of fluorine-18 was 

dried by heating to 100 °C with a continuous flow of argon. After reconstitution of fluorine-18 

in anhydrous acetonitrile (100 μL), a solution of 1 (50 μg, 0.1 μmol) and SnCl4 (0.2 M in 

acetonitrile, 100 μL) was added to the activity solution and the reaction was stirred at r.t. for 

30 min. After addition of water (200 μL) and filtration (Millex, hydrophile PVDF 0.22 μm) a 

quality control was performed by HPLC (1 mL/min, 30% to 15% A in 5 min, 15% to 0% A 

from 5 to 6 min, 0% A to 20 min) and afforded 3 (decay corrected radiochemical yield (RCY): 

76%, 22 MBq) with a decay corrected specific activity of 220 MBq/μmol and a radiochemical 

purity of ≥ 99%; tR= 13.3 min. In addition a TLC with Toluene, CHCl3 and MeOH (80.9%, 

14.3%, 4.8%) was performed. 

 

Radiolabeling of Bodipy-TG 4 

Drying process was performed as mentioned in previous section. After reconstitution of 

fluorine-18 (83 MBq) in anhydrous acetonitrile (100 μL), a solution of 2 in toluene (107 μg, 

0.1 μmol in 50 μL) and SnCl4 (0.2 M in acetonitrile, 100 μL) was added to the solution with 

the activity and the reaction solution was stirred at room temperature (r.t.) for 30 min. After 

addition of water (200 μL), filtration and washing with water (2 x 200 μL) a quality control was 
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performed by HPLC (1 mL/min, 30% to 15% A in 5 min, 15% to 0% A from 5 to 6 min, 0% A 

to 20 min) and afforded 4 (decay corrected RCY: 44%, 25 MBq) with a decay corrected 

specific activity of 250 MBq/μmol and a radiochemical purity of > 95%; tR= 12.5 min. In 

addition TLC with toluene, CHCl3 and MeOH (80.9%, 14.3%, 4.8%) was performed. 

 

Human primary adipocyte cultures derived from BAT and white adipocytes (WAT) 

The isolation and differentiation of human adipocytes has been described before 35. The 

study was reviewed and approved by the ethics committee of Maastricht University Medical 

Center (METC 10-3-012, NL31367.068.10). Informed was obtained prior to surgery. The 

precursor cells were obtained from a stromal vascular fraction of BAT and WAT tissue. The 

sample was taken from a 34 year old male with a benign formation in the left thyroid gland. 

The cells have been metabolically characterized 35. In short, the stromal vascular fraction 

was obtained from BAT and subcutaneous WAT biopsies from the same individual 

undergoing deep neck surgery. Collected cells were grown to confluence prior to start of 

differentiation in DMEM/Ham’s F-12 (Gibco) supplemented with 10% Fetal Bovine Serum 

(Bodinco BV). Differentiation medium composed of biotin (33 μM), D-pantothenate (17 μM), 

h-insulin (100 nM), dexamethasone (100 nM), IBMX (250 μM), rosiglitazone (5 μM), T3 (2 

nM), transferrin (10 μg/ml). After 7 days of differentiation, the medium was exchanged for 

maintenance medium composed of biotin (33 μM), pantothenate (17 μM), insulin (100 nM), 

dexamethasone (10 nM), T3 (2 nM), and transferrin (10 μg/ml). 

 

In vitro uptake of 3 and 4 in cultured adipocytes derived from human BAT and WAT 

Adipocytes derived from human BAT and WAT were incubated with 3 and 4 (1 nM, 100 µL) 

for 1 h. 3 was added in 0.5% fatty acid free bovine albumin in DMEM/F-12. 4 was dissolved 

in 50% PEG in DMEM/F-12. Adipocytes were exposed to the tracer or preincubated with 

sulfosuccinimidyl oleate (500 μM, 100 μL, 30 min) or norepinephrine (1 μM, 100 μL, 30 min). 

Radioactivity was quantified by measuring washed, detached cells with a WIZARD2 

automatic γ-counter from Perkin Elmer. Number of cells was determined by three extra wells 
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which underwent a standard cell count protocol using a LUNA II (Logosbio) automated cell 

counter.  

 

In vitro imaging of cultured adipocytes derived from human BAT and WAT 

Adipocytes derived from human BAT and WAT were incubated with 1 and 2 (0-4 µM, 500 μL) 

for different time points (1-24 h) in experimental medium. 1 was added in 0,5% fatty acid free 

bovine albumin in DMEM/F-12. 2 was dissolved in 50% PEG in DMEM/F-12. Adipocytes 

were exposed to the tracer or coincubated with oleic acid (400 µM, 500 μL) or preincubated 

with sulfosuccinimidyl-oleate (500 μM, 500 μL, 30 min). After incubation adipocytes were 

fixed in 3.7% formaldehyde (4°C, 30 min) and stained with DAPI (4′,6-diamidino-2-

phenylindole) (RT, 5 min). The adipocytes were imaged with a Sony Eclipse e800 

fluorescence camera. The signal was measured in the FITC channel (460-490 nm excitation, 

510-550 nm emission) and in the DAPI channel (385-415 nm excitation, 450-470 nm 

emission). Quantification of signal was performed with Fiji 36 as well as correction for 

exposure time, background and cell auto-fluorescence. For every data point at least three 

cells were analyzed. Graphs and statistical analysis was performed using GraphPad Prism 6.  

 

Fluorescence measurements (microplate reader) 

Adipocytes derived from human BAT cultured on 96 well chamber slides were incubated with 

1 and 2 (2 µM, 100 μL) for different time points (1-4 h). 1 was added in 0,5% fatty acid free 

bovine albumin in DMEM/F-12. 2 was dissolved in 50% PEG in DMEM/F-12. Adipocytes 

were exposed to the tracer or preincubated with norepinephrine (1 μM, 500 μL, 30 min). After 

incubation adipocytes were washed 3 times (30 seconds each) with cold PBS and 

suspended in PBS. The signal was measured using a SpectraMax M2 plate reader 

(molecular devices) (excitation 485 nm, emission 520 nm). Graphs and statistical analysis 

was performed using GraphPad Prism 6.  
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Ex vivo stability 

Shelf life of 3 was investigated under following conditions: 24 MBq (60 µL) were added to 

H2O (1 mL) and integrity was examined by HPLC (1-4 h). Areas under the peak of free 

fluorine-18 and metabolites were compared to the area under the peak of 3.  

Plasma stability was examined by adding 28 MBq (60 µL) of 3 to 1 mL of human plasma 

(37°C). After certain time points (20, 40, 60 min and 2-4 h) integrity of the compound was 

analyzed by HPLC. 

Determining the aqueous or plasma stability of the radiolabeled TG 4 failed due to the 

insolubility of the compound in aqueous medium. 
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Results  

 

Different conditions for the esterification of the BDP-C16 to BDP-TG were tested (Table 1). 

The best yield, analyzed by HPLC injection of the crude reaction mixture, was achieved with 

BDP-C16 in Toluene (50 µL) and the strong chlorinating agent thionylchloride at 70°C in 30 

min. More hydrophilic solvents, larger reaction volumes, lower temperatures or milder 

chlorination conditions resulted in lower yields and/or byproducts. In optimal conditions, after 

reaction and purification 2 was obtained in a yield of 75%. After purification of 2 further 

analysis of quenching effects was performed by HPLC. Both, FA and TG, showed similar 

absorption when the same molar amount was injected. NMR of 2 confirmed the identity of 

the TG (Fig 1a and S1 Fig 4). The disappearance of the alcohol function (3.75 ppm) with the 

simultaneous formation of a third ester bond (3.15 ppm) plus the additional BDP peaks (1.75 

ppm and 2.47 ppm) proved the successful synthesis of 2. Additionally ESI-MS of 2 supports 

these findings as peaks found in the spectrum correspond with the calculated molecular 

masses (Fig 1b).  

Table 1: Different esterification conditions for BMIPP or BDP-C16. Yields tested by injection of the crude reaction 

mixture into HPLC and comparison of the esterified vs. the non-esterified FA signal plus byproducts 

Fatty acid 
Coupling 

agent 
Solvent 

Rec. 

volume [µL] 
Activator 

Temperature 

[°C] 

Reaction time 

[min] 

Yield 

[%] 
n 

BMIPP 1,3-Diolein Toluene 50 SOCl2 70 30 72 4 

BMIPP 1,3-Diolein Acetonitrile  50 SOCl2 70 30 0.6 1 

BMIPP 1,3-Diolein Diethylether 50 SOCl2 70 30 67 1 

BMIPP 1,3-Diolein Tetrachlormethane 50 SOCl2 70 30 8 1 

BMIPP 1,3-Diolein Benzene 50 SOCl2 70 30 38 1 

BMIPP 1,3-Diolein Toluene 50 Oxalyl Chloride 70 30 43 1 

BMIPP 1,3-Diolein Toluene 50 Oxalyl Chloride 70 60 44 1 

BMIPP 1,3-Diolein Toluene 50 SOCl2 70 90 54 2 

BMIPP 1,3-Diolein Toluene 50 SOCl2 70 120 67 2 

BMIPP 1,3-Diolein Toluene 50 SOCl2 70 150 86 2 

BMIPP EtOH MeCN 100 SOCl2 0 30 1 1 

BMIPP EtOH MeCN 100 SOCl2 22 30 64 1 

BMIPP EtOH MeCN 100 SOCl2 70 30 88 1 

Bodipy C16 1,3-Diolein Toluene 200 SOCl2 70 30 59 1 

Bodipy C16 1,3-Diolein Toluene 50 SOCl2 70 30 95 8 
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Fig 1: BDP-TG analysis. a) 
1
H-NMR of BD-TG in toluene-d5, red T corresponds to the toluene peek b) ESI-MS of 

BDP-TG with NH4OAC in Chloroform/MeOH 50:50  

 

The radiolabeled dual-modality imaging agent [18F]BDP-TG was synthesized in a two-step 

procedure. First the Bodipy-FA 1 was esterified to BDP-TG 2 and then radiolabeled with 

fluorine-18 using the strong Lewis acid SnCl4 in dry acetonitrile/toluene. After 30 min of 

incubation, [18F]BODIPY-TG 4 was isolated by washing 3 times with water allowing 44% 

radiochemical yield, a specific activity of 250 MBq/μmol and a radiochemical purity of > 95% 

(Fig 2b). First approaches to radiolabel the BDP-FA and perform the esterification afterwards 

resulted in higher labeling yields (76%) (Fig 2a) in the first step but the following esterification 

afforded only small amounts of radiolabeled BDP-TG. The radiolabeling was performed in 

acetonitrile but in previous cold esterification attempts it was shown that only small yields can 

be reached in this solvent (Table 1). A complete exchange of acetonitrile to toluene is time 

consuming as well as the problem of [18F]BDP-FA getting attached to the glass vial arises. 

Different reaction conditions for the radiolabeling can be found in Table 2.  
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Table 2: radiolabeling of BDP-FA 3 and BDP-TG 4. Different conditions tested for both compounds. 

Radiochemical yields calculated after purification  

Agent V (SnCl4) [µL] Solvent Volume [µL] Reaction time [min] RCY [%] n 

Bodipy C16 100 (0.1M) MeCN + K222  + K2CO3 250 30 7.3 4 

Bodipy C16 30 (0.1M) MeCN + K222  + K2CO3 180 30 13.8 2 

Bodipy C16 100 (0.2M) MeCN + K222  + K2CO3 250 30 28 4 

Bodipy C16 100 (0.3M) MeCN + K222  + K2CO3 250 30 0 1 

Bodipy C16 100 (0.2M) MeCN + K2CO3 250 30 76 9 

Bodipy-Tg 100 (0.2M) MeCN + K2CO3/DMA 250 30 0 1 

Bodipy-Tg 100 (0.2M) MeCN + K2CO3/Toluene 250 30 44 7 

 

 

Fig 2: chromatograms for BDP-FA/TG a) HPLC chromatograms (radio trace and absorbance at 503 nm) of 
18

F-

BDP-FA 3 on a C18 column. b) HPLC chromatograms (radio trace and absorbance at 503 nm) of [
18

F]BDP-TG 4 

(peak at 3 min corresponds to toluene which was used to solubilize the probe) on a C4 column. 

 

Shelf life and plasma stability showed 99% intact radiolabeled compound 3 after 4 h (S1 Fig 

5). Fluorescent uptake of 1 was evaluated in vitro with cultured adipocytes derived from 

human BAT. Adipocytes were incubated with BDP-FA (2 µM) for 1 to 4 h and fluorescence 

was measured with a microplate reader (SpectraMax M2) (Fig 3a). An increase over time 

was observed where BAT took up 274%, 362% and 697% more after 2 h, 3 h and 4 h 

compared to the 1 h time point. Activation with norepinephrine (1 μM, 30 min before 

incubation with BDP-FA) increased BAT uptake of 1 by 134%, 199% and 143% after 2, 3 and 

4 h compared to their basal uptake values at these time points. Only after 1 h no significant 

increase was observed. Single cell uptake was analyzed and quantified with a fluorescence 

microscope (Sony Eclipse e800) under different conditions (S1 Fig 1). Concentration 

dependent uptake was examined within a 2 h time period (Fig 3b). A clear Michaelis - 
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Menten like kinetic was observed in uptake-positive BAT cells (with km = 1.15 μM, R2 = 0.93). 

Coincubation with 400 µM oleic acid reduced uptake of BDP-FA by 46%.   

 

 

Fig 3: in vitro cell uptake a) uptake time dependence measured with 2 µM 1 in BAT with and without activation 

with norepinephrine (microplate) b) uptake concentration dependence measured in BAT over 2 h with and without 

coincubation with oleic acid (fluorescence microscope) c) BAT blocking study over time with sulfosuccinimidyl-

oleat (fluorescence microscope)  d) uptake of 3 in BAT and WAT cells under basal conditions, activation with 

Norepinephrine (NE) and blocking with sulfosuccinimidyl-oleat (So) after 1 h incubation time 

 

Time dependence with simultaneous inhibition of  the cluster of differentiation 36  (CD36), 

which is a scavenger protein for long chain fatty acids 37 and was shown to be essential for 

thermogenesis in animals during fasting conditions 16, was additionally quantified on a 

cellular level (Fig 3c) (S1 Fig 1). By preincubation with sulfosuccinimidyl-oleate a blocking of 

73% ± 6% was reached after 3 – 5 h. After 24 h the uptake recovered to basal conditions.  

No uptake was observed by incubation with 2 (2 µM, 24 h) (S1 Fig 3). 
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Cell uptake experiments were also performed in WAT cells to further analyze the suitability of 

the BDP-FA as a tracer for adipocytes and to compare BAT and WAT cells. The WAT cells 

were obtained from the same human sample as the BAT cells. 

In first microplate activation experiments it was shown that, similar to BAT, the uptake of 1 

increased over time. After 2 h, 3 h and 4 h the uptake increased by 221%, 294% and 357%. 

Activation of the cells by norepinephrine resulted in an increase in uptake between 10% and 

48% and was significant lower compared to BAT cells. 

In WAT cells incubated with 1 (0-4 µM) for different concentrations, a Michaelis - Menten like 

kinetic was observed in uptake-positive cells (with km = 1.58 µM and R2 = 0.97). The uptake 

was also reduced with an excess of oleic acid (400 µM) by 53%. 

CD36 dependency on uptake kinetics was also investigated in WAT cells (S1 Fig 2). 

Sulfosuccinimidyl-oleat only had a significant negative effect on the uptake of the 2 h and 3 h 

group (51% ± 16%) but in general the uptake kinetics of the preincubated cells with 

sulfosuccinimidyl-oleat followed more the kinetics of the cells under basal conditions.  

BAT and WAT uptake of 3 and 4 was investigated to prove the functionality of the 

radiolabeled compounds and to quantify the total uptake of both tracers.  Interestingly, in this 

experimental setup, BAT took up in all cases more FAs than WAT (Fig 3d).  After 1 h WAT 

took up 0.3% ± 0.05% and BAT 2.9% ± 0.09%. Activation of WAT with norepinephrine 

showed a small increase in uptake (0.6% ± 0.07% vs. 0.3% ± 0.05%) whereas the uptake in 

BAT was slightly decreased (2.6% ± 0.11% vs. 2.9% ± 0.09%). An effect could be observed 

for preincubation with sulfosuccinimidyl-oleat in BAT after 1 h (1.7% ± 0.04% vs. 2.9% ± 

0.09%). WAT showed no significant decrease (0.58% ± 0.18% vs. 0.3% ± 0.05%).  

Incubation experiments with the radiolabeled TG 2 were conducted additionally but showed 

no consistent and reproducible results (data not shown).  
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Discussion 

 

Imaging of BAT has evolved to an interesting and fast developing topic in endocrine 

research. Several imaging approaches have been used in the past to visualize and quantify 

BAT and its metabolic activity reaching from in vitro experiments 10 over invasive imaging 

with fluorescence probes 11 or tritiated compounds 12 to non-invasive experiments with PET 3-

5,13,14, SPECT 15,16 and MRI 17-19. Most often [18F]FDG scans are used for BAT imaging. This 

has the big disadvantage that it only shows glucose-related uptake and has the chance to 

underestimate BAT activity because the major metabolized substance class in BAT is FAs. 

There is therefore a need for a FA BAT tracer to quantify metabolic activity in a more precise 

way.  In studies with [18F]FTHA it was observed that radiolabeled FAs showed an increased 

uptake in BAT under cold stimulation in humans 13. With our developed tracer it is possible to 

examine uptake characteristics with both PET and fluorescence imaging. Therefore scans 

from subcellular level, to determine the localization of the probe within the cell, to whole body 

scans are possible.   

In vivo FAs are transported as TGs in lipoproteins towards adipocytes 38,39. We were able to 

produce BDP-TG in a very reasonable yield (77%). Both, the FA and the TG analog, were 

successfully radiolabeled (RCY: 76% for [18F]BDP-FA and 44% for [18F]BDP-TG), 

comparable to previously achieved yields with other modified Bodipy-dyes by other groups 

31,40. Activation of fluorine-18 by K2CO3 and K222 (4,7,13,16,21,24-Hexaoxa-1,10-

diazabicyclo[8.8.8]hexacosane) resulted in side products and decomposition of the Bodipy-

dye. Reactions without addition of a base, such as K2CO3, gave lower labeling yields. Shelf 

life and plasma stability of [18F]BDP-FA indicated its suitability as an in vivo imaging agent, 

although these values could not be determined for [18F]BDP-TG due to its insolubility in 

aqueous medium. Nevertheless no large stability deviations are expected for [18F]BDP-FA 

and [18F]BDP-TG, as the lipid backbone should not affect the boron-fluoride bond in a large 

extend. Next to our synthesis work we put effort in first in vitro application of our cold tracer. 

Uptake experiments proved that the BDP-FA is taken up with the characteristics of a regular 

c) b) 



102 

 

FA (km= 1.15 µM compared to km= 0.2 µM of oleate 41 and cis-parinaric acid: km= 1.5 µM in 

3T3 fibroblasts 42) and uptake could be decreased by coincubation with oleic acid in excess. 

BAT cells were sensitive to norepinephrine and uptake was increased by a preincubation 

with this hormone. Sulfosuccinimidyl-oleat as an antagonist blocked CD36 and overall uptake 

of BDP-FA was decreased to a minimum. This shows that CD36 is essential for the lipid 

uptake in BAT cells and is in accordance to already published in vivo results 43,44. Only after 

24 h the cells were able to overcome this blocking procedure and showed comparable 

uptake to basal conditions. Stahl et al. found over 90% of CD36 in serum starved adipocytes 

on the cell membrane 42. Therefore it can be speculated that the increase in uptake resulted 

in a displacement of sulfosuccinimidyl-oleat at this time point. 

The uptake in WAT cells of BDP-FA was also analyzed. Comparable to BAT cells 

fluorescence signal increased over time and uptake was partially blocked by coincubation 

with an excess of oleic acid. Neither the positive uptake effect in cells preincubated with 

norepinephrine nor the negative uptake effect in cells preincubated with sulfosuccinimidyl-

oleat was observed in such an extent in WAT compared to BAT. Therefore a smaller amount 

of β3-adrenoreceptors on the cell surface 45 and a CD36 independent uptake mechanism 46 

is proposed for WAT cells.  

In former experiments (data not shown) it was observed that the FA and the TG signal are 

significantly quenched in an aqueous medium. This is in accordance with other published 

results for the BDP-FA 47. A self-quenching effect for different Bodipy-dyes depending on 

their solvent solubility has also been reported before 48. This makes fluorescent imaging with 

this tracer susceptible for misinterpretation because one can underestimate the total uptake. 

Nevertheless we could easily and without any dose characterize, but not quantify, in vitro 

uptake kinetics of this fluorescent FA.  

Even though first indications on uptake mechanism in brown and white adipocytes were 

obtained by fluorescent experiments, radiolabeled compounds were necessary to quantify 

cell uptake and to exclude the chance of a quenched fluorescent signal. Cell uptake 

experiments with the radiolabeled FA showed that after correction for different cell numbers, 
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BAT took up significantly more [18F]BDP-FA than WAT. Sulfosuccinimidyl-oleat decreased 

the uptake significantly after 1 h in the BAT group. By preincubation with norepinephrine the 

uptake in BAT was not affected (as seen in the fluorescent experiments, increased uptake 

could only be observed 2 h after stimulation). In WAT no significant effect was observed for 

the preincubation with sulfosuccinimidyl-oleat. Preincubation with norepinphrine resulted in 

the same uptake value as preincubation with sulfosuccinimidyl-oleat, which denotes to a 

norepinephrine insensitive and CD36 independent uptake mechanism. Overall, the results 

obtained with the radiolabeled BDP-FA are in accordance with the results obtained in the 

fluorescent experiments. By this method it was possible to quantify uptake values in percent 

uptake and a comparison between both cell types could be performed. 

For the TG no uptake was observed with the presented methods. This might be due to the 

insolubility of TG in aqueous solutions and it is therefore not available for uptake by 

adipocytes. Alternatively, another reason could be that lipoprotein lipase, which is 

responsible for TG hydrolysis, is only activated by lipoproteins, which was not present in our 

in vitro experiments. 

A possible solution for the inaccessibility of the BDP-TG tracer, non-radiolabeled and 

radiolabeled, for our in vitro cell model would be the incorporation of this tracer into 

lipoproteins. As TG are transported in vivo in these water soluble particles an incorporation of 

our tracer would 1) simulate the physiologic state how TG are transported and 2) overcome 

the limited solubility of the compound, which also limits the in vivo application. With other FA-

tracers (mainly tritiated) this has already been achieved and in vivo experiments have been 

performed 11,12. In comparison to tritiated compounds, the here presented tracer has the 

advantage that it can be visualized and quantified by PET in vivo and its uptake mechanism 

and kinetics can be followed by fluorescence microscopy in vitro. 

To conclude, we present the successful development of a multimodal FA/TG BAT tracer. We 

were able to conjugate BDP-C16 to 1,3-diolein and radiolabel this triglyceride. We then 

investigated its uptake characteristics in vitro with fluorescence imaging in a human BAT and 

WAT sample, and observed CD36 mediated uptake which was sensitive to norepinephrine in 
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BAT cells. Additionally, we showed that BAT takes up significantly more FAs than WAT in 

our in vitro radioactive uptake experiments. 

Future in vitro/vivo experiments are required with [18F]Bodipy-TG, incorporated into a 

chylomicron, where these first insights in brown adipose tissue metabolism will help to 

specify the role of this interesting tissue for whole body energy metabolism. 
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Supplementary Information 

 

S1 Fig 1: uptake of 1 in BAT images obtained from fluorescence microscope by incubation with BDP-FA under 

basal conditions, and sulfosuccinimidyl – oleat incubation. Green (Bodipy-signal): 460-490 excitation, 510-550 

emission, Blue (Dapi-signal): 385-415 excitation, 450-470 emmision. 
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S1 Fig 2: uptake of 1 in WAT images obtained from fluorescence microscope by incubation with BDP-FA under 

basal conditions and sulfosuccinimidyl – oleat incubation. Green (Bodipy-signal): 460-490 excitation, 510-550 

emission, Blue (Dapi-signal): 385-415 excitation, 450-470 emmision. 

 

 

 



110 

 

 

S1 Fig 3: uptake of 2 in WAT and BAT images obtained from fluorescence microscope by incubation with BDP-

TG (2 µM, 24 h) under basal conditions. Green (Bodipy-signal): 460-490 excitation, 510-550 emission, Blue (Dapi-

signal): 385-415 excitation, 450-470 emmision. 

 

S1 Fig 4: NMR analysis NMR spectra of BDP-TG 1(a) and 1,3-Diolein (b), alcohol function of the Diolein is shown 

in red square, formed triple ester bond is shown in blue square. No significant impurities were noted.  
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S1 Fig 5: Shelf Life and Plasma Stability of 3 
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Abstract 

 

Background: Brown adipose tissue (BAT) is present in human adults and the current gold 

standard to visualize and quantify BAT is [18F]FDG PET-CT. However, this method fails to 

detect BAT under insulin-resistant conditions associated with ageing and weight gain, such 

as type 2 diabetes. The aim of this study was to develop a novel triglyceride-based tracer for 

BAT. For this purpose we designed a dual-modal fluorescent/PET fatty acid tracer based on 

commercially available BODIPY-FL-C16, which can be esterified to its correspondent 

triglyceride, radiolabeled and incorporated into pre-synthesized chylomicron-like particles. 

Methods: BODIPY-FL-C16 was coupled to 1,2-diolein with a subsequent radiolabeling step 

resulting in [18F]BODIPY-C16-triglyceride that was incorporated into chylomicron-like particles. 

Various quality control steps using fluorescent and radioactive methods were conducted 

before BAT visualization was tested in mice.  

Results: Triglyceride synthesis, radiolabeling and subsequent incorporation into 

chylomicron-like particles was carried out in decent yields. This radiotracer appeared able to 

visualize BAT in vivo, and the uptake of the radiotracer was stimulated by cold exposure. 

Conclusion: The here reported method can be used to incorporate radiolabeled triglycerides 

into pre-synthesized chylomicron-like particles. Our approach is feasible to visualize and 

quantify the uptake of triglyceride-derived fatty acids by BAT. 
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Introduction 

 

Brown adipose tissue (BAT) research has evolved from an underestimated to a fast 

developing field in endocrine research and non-invasive imaging is an important technique to 

visualize and quantify BATs metabolic activity. Brown adipocytes  have the ability to combust 

energy to heat by nonshivering thermogenesis in their mitochondria by virtue of the presence 

of uncoupling protein 1 (UCP1) 1. It has been shown that BAT activation can be triggered by 

cold exposure, which induces a release of noradrenalin from nerve endings 2. This 

neurotransmitter binds to adrenergic receptors on the BAT membrane and promotes an 

induction of intracellular lipolysis which leads to a release of fatty acids (FAs) from 

triglyceride (TG)-filled lipid droplets 3 (Fig 1). 

Fig 1: BAT activation by noradrenergic stimulation and possible quantification approaches by [
18

F]FDG (glucose 

consumption), [
18

F]FTHA, [
123

I]BMIPP, glycerol tri[
3
H]oleate-derived [

3
H]oleate (lipid uptake) and MRI, CT (lipid 

content). 
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Those FAs activate UCP1 within the inner mitochondrial membrane 2 whereby the proton 

gradient across the membrane is dispersed and heat is produced.  

In activated BAT, internal lipid droplets are replenished by nutrient uptake from plasma in 

three different ways: uptake of TG-rich lipoprotein (TRL)-derived FAs, glucose uptake 

followed by de novo lipogenesis, and uptake of circulating albumin-bound FAs 2-5. Although 

direct TRL particle uptake with adjacent FA release has been suggested 4, more recent 

findings using glycerol tri[3H]oleate and [14C]cholesteryl oleate double-labeled TRL-like 

particles showed an approx. 10-fold higher uptake of FAs compared to cholesteryl esters by 

BAT 5,6, indicating that the majority of TG-derived FAs is internalized after liberation by 

lipoprotein lipase (LPL). In fact, TRL-derived FAs were identified as the main supply of TGs 

in BAT 3,7 and TG-derived FA internalization was shown to be dependent on the presence of 

lipoprotein lipase (LPL) 7,8, cluster of differentiation 36 (CD36) 9 and fatty acid transport 

proteins (FATP) 10 (see also Fig 2 b). 

 

Fig 2: a) Incorporation of radiolabeled [
18

F]BDP-TG into pre-synthesized chylomicron-like particles. b) uptake of 

TG-rich lipoprotein (TRL)-derived FAs from the plasma facilitated by LPL, CD36 and FATP. 
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The variety of quantification approaches of BAT volume and metabolic activity reaches from 

invasive imaging with fluorescence probes 4 or 3H-labeled TG 5 to non-invasive experiments 

with PET 11-15, SPECT 16,17 and MRI 18-20 and was reviewed recently by us 21. [18F]FDG (as a 

measure for glucose uptake) is frequently used in studies to quantify BAT activity and is 

currently the gold standard 12,22-24 (Fig 1). Nevertheless FAs are the main metabolized 

substance class in BAT, which is not simply mirrored by [18F]FDG scans 14. In addition, 

insulin resistance such as type 2 diabetes of BAT occurring with ageing and weight gain will 

underestimate BAT activity as assessed with [18F]FDG scans, whereas FA and oxidative 

metabolism is not dependent on insulin sensitivity 25. It should be mentioned that LPL activity 

was decreased during insulin resistance in mice 26 and insulin was found to be essential for 

the lipolytic processing of TRLs by BAT 27. Therefore BAT visualization with TRLs could 

become difficult during diabetic conditions, but it might be the most precise way to gain 

information about BATs lipid turnover and metabolic activity. Taken together, we reasoned a 

TG-derived FA tracer is needed to visualize and quantify lipid uptake by BAT to better reflect 

the thermogenic potential of BAT compared to [18F]FDG. 

Radiolabeled FAs in general have been developed in several variations for imaging purposes 

(e.g. [18F]FTHA and [125I]BMIPP 28,29). We here report the development of a FA-tracer based 

on fluorescent FA BODIPY-FL-C16 (BDP-FA), which is suitable for both PET and 

fluorescence imaging, and present a method to esterify the FA into a TG and subsequently 

incorporate it into a chylomicron-like particle. We hypothesized that by this approach the 

physiological situation is mimicked where TRL-derived TGs get lipolyzed locally before they 

are taken up by brown adipocytes. Additionally it will be possible to image from whole body 

to sub-cellular level and in vitro experiments can be carried out with the same molecule 

without any radiation dose. BODIPY dyes have been already used to image BAT 4 and it is 

known that FA transport proteins (FATP) have a preference for BODIPY-FL coupled to a long 

carbon chain (C ≥ 8) 30. Furthermore, downstream metabolic reactions in white and brown 

adipocytes have already been visualized in vitro 31,32. 
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To avoid decreasing the FA characteristic properties of BDP-FA by introduction of another 

chelator molecule, we performed 18F/19F exchange reactions used to transform fluorescent 

dyes into dual-modality PET/fluorescent imaging dyes 4,33-36. Neither an increased steric 

demand, nor lowering of the targeting efficiency of the FA towards proteins responsible for 

FA uptake is expected as BDP-FA is only modified at the end of the carbon chain and 

therefore keeps its FA characteristics. We recently described the synthesis and radiolabeling 

of [18F]BDP-TG and conducted first in vitro experiments with primary human adipocytes 

where [18F]BDP-FA uptake could be modified by different BAT activating and blocking 

agents 32. The aim of the presented study was to incorporate the [18F]BDP-TG into 

chylomicron-like particles to obtain one of the first TG-based PET imaging agents and to test 

the new developed tracer in mice. Different to other used FA-based imaging tracers, the here 

presented TG will be first lipolyzed on-site before it can be internalized by BAT. This reflects 

the physiological situation in a better way than other FA-based tracers do and will help to 

quantify BATs consumption of lipids and its contribution to whole body energy expenditure.  
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Methods 

 

Commercially available compounds were used without further purification unless otherwise 

stated. BDP-FA was purchased from Thermo Fischer Scientific (99%) (Netherlands). 1,3-

diolein was purchased from Sigma Aldrich (≥ 99%). 1,2-diolein was purchased from Cayman 

Chemicals (USA) (≥ 95%). DMEM/F-12 was purchased from ThermoFischer (Waltham, MA).  

All HPLC purifications (1.0 mL/min, solvent A; 0.1% TFA in H2O, solvent B; CH3CN, 50 °C) 

were performed on a Shimadzu UFLC HPLC system equipped with a DGU-20A5 degasser, a 

SPD-M20A UV detector, a LC-20AT pump system, a CBM-20A communication BUS module, 

a CTO-20AC column oven, and a Scan-RAM radio-TLC/HPLC-detector from LabLogic using 

an Aeris™Widepore column (C4, 3.6 μm, 4.6 mm × 250 mm) for the BDP-TG. ESI-MS was 

performed on an Applied Biosystems SCIEX API 150 EX electrospray ionization quadrupole 

(ESI-Q) mass spectrometer with the method of McAnoy et al. 53. Briefly, 0.1 M aqueous 

ammonium acetate solution was added to the sample to observe the ammonium salt of the 

synthesized TG in the MS. 

1H-NMR spectra were carried out on a Bruker UltrashieldTH 400 plus at 400 MHz. Tol-d8 was 

used as solvent with TMS as internal standard. Chemical shifts are reported in parts per 

million (ppm) relative to the internal standard. 

Gel electrophoresis was used to determine the amount of free fluorine-18 and [18F]BDP-TG 

in the solution containing [18F]BDP-TG incorporated in chylomicron-like particles. Gel 

electrophoresis was carried out under native running conditions where the sample was mixed 

(1:2) with native sample buffer and loaded into an any kD TGX gel (20 kBq per lane). For 

visualization phosphor screens were exposed for 10 h to the gel and analyzed by a Typhoon 

FLA 7000 phosphor imager (GE Healthcare). 

 

Synthesis of chylomicron-like particles 

Synthesis of chylomicron-like particles was performed as reported before 37,54. Briefly, 

emulsion particles were prepared from triolein (70 mg), egg yolk phosphatidylcholine (Lipoid) 
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(22.7 mg), lysophosphatidylcholine (2.3 mg), cholesteryl oleate (3.0 mg), and cholesterol (2.0 

mg). Sonification was performed using a Soniprep 150 (MSE Scientific Instruments, UK) that 

was equipped with a water bath for temperature (54 °C) maintenance, at 10 μm output. The 

emulsion was fractionated by density gradient ultracentrifugation steps in a Beckman SW 40 

Ti rotor. After centrifugation for 30 min at 17,850 rpm at 20 °C, an emulsion fraction 

containing chylomicron-like particles was removed from the top of the tube by aspiration. 

Characterization of chylomicron-like particles was done by DLS and transmission electron 

microscopy. Chylomicron-like particles were stored at 4 °C and were used within 5 days 

following preparation. 

 

Dynamic Light Scattering 

The particle sizes were measured by photon correlation spectroscopy performed at an angle 

of 90°; with a setup consisting of an ALV-SP8 goniometer, an ALV-SIPC photomultiplier, a 

multiple τ digital real-time ALV-7004 correlator, and a solid state laser (Koheras) with a red 

laser (λ = 633 nm) as light source. The time resolved signal of two Single Photon Counting 

Modules was cross-correlated. To prevent multiple scattering highly diluted chylomicron-like 

particle solutions of 0.1 mg/mL in bi-distilled and filtered H2O (1.2 μm 

poly(tetrafluoroethylene) membrane filters) were prepared. Sample cuvettes were immersed 

in a toluene bath and tempered within an error of ± 0.1°C. Autocorrelation functions of 

intensity fluctuations g2 (q, t) are converted by the Siegert relation and give the field 

autocorrelation function f(q,t):  

                     
   

 
             (1) 

Where τ is the decay time, G(D0) is the distribution function of D0, the diffusion coefficient and 

q as the scattering vector defined as  

  
   

  
    

 

 
           (2) 

with θ being the scattering angle and λ0 being the wavelength of the laser light in vacuum.  
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The intensity-weighted decay-time τ distributions obtained from the field autocorrelation 

function by cumulant analysis were analyzed in respect to multimodality. For each diffusive 

mode the decay rate Γ = 1/τ was plotted against the squared length of the scattering vector 

q2. The slope gave the Z-average translational diffusion coefficient D0 and results in the 

hydrodynamic radius Rh after use of the Stokes Einstein equation: 

   
   

     
          (3) 

with q, kB, T and η being the scattering vector, the Boltzmann constant, absolute 

temperature, and solvent viscosity, respectively. A hydrodynamic radius distribution was 

calculated from the regularized Laplace inversion of correlation functions with CONTIN 

algorithm.  

 

Transmission electron microscopy 

Samples were allowed to adsorb on glow discharged formvar-carbon-coated nickel grids 

(Maxtaform, 200 mesh, Plano, Wetzlar, Germany) for 3 min. Adhesive drops were removed 

by filter paper. Negative staining was performed with uranyl acetate (0.5% in H2O, Science 

Services GmbH, Munich, Germany) for 1-3 seconds. Excess liquid was removed, samples 

were air dried and examined using a LEO 906 E transmission electron microscope (Zeiss, 

Oberkochen, Germany), operated at an acceleration voltage of 60 kV. 

 

Synthesis of BDP-TG  

Synthesis was performed as reported before 32. Briefly, BDP-FL-C16 (300 μg, 0.6 μmol) in 

acetonitrile was evaporated to complete dryness before the reactant was reconstituted in 

toluene (100 μL). To the resulting solution SOCl2 in toluene (100 μL, 4 vol.-%) was added, 

incubated for 5 min at 70 °C in a closed vial and evaporated. The product was reconstituted 

in toluene (50 μL) containing 1,2-diolein (2 μL, 2.8 μmol) and heated to 100 °C for 30 min. 

After the reaction time, purification by HPLC (1 mL/min, 30% to 15% A in 5 min, 15% to 0% A 

from 5 to 6 min, 0% A to 20 min) yielded 2 (225 μg, 75%) as a red solid; tR= 12.3 min. ESI-
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MS (+) m/z (%) = 1058 (100) [M - F-]+, 1095 (82) [M + NH4]
+. 1H NMR (400 MHz, Tol-d8); 

δ (ppm) = 5.46 (m, 4H), 4.26 (m, 2H), 4.06 (m, 2H), 3.13 (m, 1H), 1.75 (s, 3H). 

 

Radiolabeling of BDP-TG  

Radiolabeling was performed as reported before 32. Briefly, aqueous fluorine-18 solution was 

loaded on a QMA-cartridge which was preconditioned with 15 mL K2CO3 in H2O and 20 mL 

H2O. Fluoride (42 MBq) was eluted with a mixture of 600 μL acetonitrile, 400 μL H2O and 6 

mg Sodium p-toluenesulfonate (Sigma-Aldrich). Fluorine-18 solution was transferred into a 

drying vessel containing tetra-n-butylammonium bromide (80 μL) as a phase transfer agent. 

Acetonitrile (3 × 1.0 mL) was added and the solution of fluorine-18 was dried by heating to 

100°C with a continuous flow of argon. After reconstitution of Fluorine-18 in anhydrous 

acetonitrile (100 μL), a solution of BDP-TG in toluene (107 μg, 0.1 μmol in 50 μL) and SnCl4 

(0.2 M in acetonitrile, 100 μL) was added to the solution with the activity and the reaction 

solution was stirred at room temperature (r.t.) for 30 min. [18F]BDP-TG was obtained (decay 

corrected RCY: 44%, 25 MBq) with a decay corrected specific activity of 250 MBq/μmol and 

a radiochemical purity of 45% determined by a radio-TLC with toluene, CHCl3 and MeOH 

(80.9%, 14.3%, 4.8%) of the reaction solution.  

 

Ex vivo incorporation of [18F]BDP-TG into chylomicron-like particles  

To [18F]BDP-TG (233 MBq) in the reaction solution 500 μL H2O were added and centrifuged 

for 5 min. The aqueous phase was aspirated and another 500 μL H2O were added to 

precipitate the remaining SnCl4. The mixture was heated to 100 °C, the organic phase was 

evaporated and the aqueous phase was taken off. [18F]BDP-TG was reconditioned in 20 μL 

EtOH and another radio – TLC was performed. [18F]BDP-TG could be obtained with a 

radiochemical purity of > 96% and an overall decay corrected radiochemical yield of 21%. 

400 μL chylomicron-like particles in HEPES were added (1.5 mg TG content) and incubated 

for 1 h at r.t.. [18F]BDP-TG-chylomicron-like particles were obtained (overall decay corrected 

RCY: 18%, 19 MBq) with a radiochemical purity of > 99% analyzed by gel electrophoresis 
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and radio-TLC (Fig 3 e and f). Shorter incubation time points and different temperatures were 

tested by radio-TLC (Fig 3 b and c)  

 

Fluorescence measurements of BDP-TG-chylomicron-like particles 

BDP-TG-chylomicron-like particles (80 μL) (0.1 μmol BDP-TG dissolved in 20 μL EtOH + 

chylomicron-like particles (750 µg TG content in 200 µL HEPES), BDP-TG (80 μL) (0.1 μmol 

dissolved in 20 μL EtOH + 200 μL HEPES) and chylomicron-like particles (750 µg TG 

content in 200 µL HEPES) are measured using a SpectraMax M2 plate reader (molecular 

devices) (excitation 485 nm, emission 520 nm).  

 

Animal experiments 

Experimental protocols were approved by the “Centrale Commissie Dierproeven” and all 

animal experiments and procedures were performed in accordance with the guidelines set of 

this institution. From 13:00 p.m. on,female C57Bl/6 mice (fasted for 4 h at r.t. or fasted and 

cold exposed at 4 °C for 4 h) were anesthetized (Isoflurane, 1.5-2.0% at 2 mL/min in 

oxygen), mice kept at r.t. were put on a heating pad and both groups were injected with 

[18F]BDP-TG-chylomicron-like particles (1-5 MBq) in HEPES (100 μL) via the tail vein. Mice 

were scanned dynamically for 1 h on a microPET (Focus 120, Siemens). Images were 

analyzed using Pmod V3.707. After the scanning time animals were killed and organs 

harvested, weighed wet and counted using a WIZARD2 automatic γ-counter from Perkin 

Elmer.  

 

Statistical analyses 

Data are presented as mean ± SD, unless indicated otherwise. Differences at a probability 

level (p) of 0.05 were considered statistically significant. GraphPad Prism 5.01 (La Jolla, CA, 

USA) for Windows was used for statistical analyses. 
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Availability of materials and data 

All data generated or analysed during this study are included in this published article (and its 

Supplementary Information files). 
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Results  

 

Synthesis of BDP-TG 

Synthesis of BDP-TG was conducted as described before 32. The resulting TG was obtained 

with a yield of 45 ± 8% SD after HPLC purification. BDP-TG has a tr of 12.3 min and NMR 

and ESI-MS confirmed the identity of BDP-TG. 

 

Radiolabeling of BDP-TG  

The radiolabeled dual-modality imaging agent [18F]BDP-TG was synthesized in a two-step 

procedure and was obtained with a decay corrected specific activity of 250 MBq/μmol and a 

decay corrected radiochemical yield of 44%. After washing with H2O [18F]BDP-TG was 

obtained with an overall decay corrected radiochemical yield of 21% and a radiochemical 

purity >96%. Shelf life and plasma stability showed 99% intact [18F]BDP-FA after 4 h 32. 

Because of the insolubility of [18F]BDP-TG in aqueous medium shelf life and plasma stability 

experiments needed to be performed with [18F]BDP-FA, however  no difference in stability is 

expected. 

 

Synthesis of chylomicron-like particles and characterization 

Chylomicron-like particles were synthesized essentially as reported before 5,6,37. After 

synthesis size of the particles was determined by DLS, showing a mean diameter of 164 ± 20 

nm and a polydispersity index of 0.181 (n=4). Additionally, particles were analyzed by 

transmission electron microscopy. Polydisperse particles could be visualized, all of which 

showed an encapsulated lipid core and a distinct surface shell with a mean particle diameter 

of 156 ± 55 nm (n=25) (Fig S1). 
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Ex vivo incorporation of [18F]BDP-TG into chylomicron-like particles and 

characterization 

After synthesis the chylomicron-like particles were loaded with BDP-TG or [18F]BDP-TG. 

Interestingly, once the BDP-TG is encapsulated, particles show a dark band within their lipid 

core (compare Fig 3 a with Fig S1). Incorporation of [18F]BDP-TG into chylomicron-like 

particles in time was analyzed by TLC. After 25 min more than 99% of the TG was 

incorporated (Fig 3 b). Different temperatures did not affect the incorporation speed, where 

r.t. showed the best result after 60 min (99.5%) compared to 0 °C (98.9%) and 38 °C (99.1%) 

(Fig 3 c). To test whether the [18F]BDP-TG was truly incorporated, chylomicron-like particles 

loaded with BDP-TG were measured on a fluorescence microplate reader. Excitation was 

compared to chylomicron-like particles or BDP-TG alone. A significant increase in intensity 

(>1,400 fold) was observed for the chylomicron-like particles loaded with BDP-TG in 

comparison to the particles or the BDP-TG alone (Fig 3 d). Additionally, chylomicron-like 

particles incubated with [18F]BDP-TG did not show any impurities of free fluorine-18 or free 

[18F]BDP-TG after 60 min of incubation, analyzed by gel electrophoresis and radio-TLC (Fig 3 

e and f). 
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Fig 3: a) Transmission electron microscopy of chylomicron-like particles incubated with [
18

F]BDP-TG. b) 

Incorporation of [
18

F]BDP-TG into chylomicron-like particles. c) Temperature dependence of the incorporation of 

[
18

F]BDP-TG into chylomicron-like particles. d) Fluorescence measurement by a microplate reader of BDP-TG-

chylomicron-like particles, chylomicron-like particles and BDP-TG. e) Phosphorimaging after gel electrophoresis 

of chylomicron-like particles labeled with [
18

F]BDP-TG (starting position), [
18

F]BDP-TG (mainly at starting position) 

and free fluorine-18 (end position). f) TLC of [
18

F]BDP-TG-chylomicron-like particles (Pos=10 mm); possible 

impurities: free fluorine-18 (Pos=10 mm), free [
18

F]BDP-TG (Pos=70 mm). 

 

Animal experiments 

 [18F]BDP-TG-chylomicron-like particles (1-5 MBq) were injected into female C57Bl/6 mice, 

which were fasted for 4 h either at r.t. or at 4 °C. After scanning for 1 h the animals were 

euthanized and the organs were harvested. Analysis of the PET images showed highest 

uptake in liver and heart at r.t. and at 4 °C (Fig 4 a and b). A rapid increase with a slow 

washout in both organs could be visualized (Fig S2 a and b). In bone a constant increase in 

signal was observed (Fig S2 c and d), which probably indicates a defluorination process of 

the tracer in vivo, as reported in literature 36. Lung showed a fast increase with a fast 

washout and stayed constant at later time points under both temperature conditions. Brain as 
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a negative control showed negligible uptake. BAT uptake increased significantly when 

comparing cold exposed animals vs. control animals at 50-60 min p.i. (Mann-Whitney U, 

n=10, two tailed p<0.0001) (Fig S2 c and d).  

PET images are supported by the results of the biodistribution. Highest uptake values in 

animals kept at r.t. were found in heart (17.9 ± 3.3% ID/g), liver (16.8 ± 2.6% ID/g), bone (9.0 

± 3.0% ID/g) and spleen (8.5 ± 2.2% ID/g). After 1 h only 4.5 ± 1.1% ID/g were found in the 

blood, indicating a fast blood clearance during the scanning time. In total 6.9 ± 1.3% ID was 

found in the blood calculated by an assumed total blood volume of 5.85 mL/100g 38. Uptake 

by BAT (3.5 ± 0.7% ID/g) was approximately 3-fold higher than uptake by WAT (1.1 ± 0.6% 

ID/g; Mann-Whitney U, n=5, two tailed p<0.001). 

In fasted animals exposed to 4 °C highest uptake was reached in heart (33.7 ± 9.5% ID/g), 

liver (32.0 ± 5.5% ID/g) and spleen (14.7 ± 7.9% ID/g). Uptake in BAT was found to be 6.9 ± 

1.1% ID/g and was significantly higher (Mann-Whitney U, n=5, two tailed, p<0.001) 

compared to WAT (1.5 ± 0.2% ID/g). Total activity remaining in blood was calculated to be 

4.9 ± 0.8% ID and was therefore significantly lower (Mann-Whitney U, n=10, two tailed, 

p<0.01) compared to animals fasted at r.t. Organs which showed a significant difference 

between r.t. and cold exposed fasting were heart (Mann-Whitney U, n=10, two tailed, 

p<0.001), liver (Mann-Whitney U, n=10, two tailed, p<0.001), spleen (Mann-Whitney U, n=10, 

two tailed, p<0.01), BAT (Mann-Whitney U, n=10, two tailed, p<0.001) and perivascular 

adipose tissue (PVAT) (Mann-Whitney U, n=10, two tailed, p<0.001). No difference could be 

found in WAT, bone, muscle and all other analysed organs (Fig 4 c and d). 
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Fig 4: a) PET image (40-60 min) of [
18

F]BDP-TG- chylomicron-like particles in a r.t. fasted animal. b) PET image 

(40-60 min) of [
18

F]BDP-TG-chylomicron-like particles in a 4 °C fasted animal. c) Biodistribution of [
18

F]BDP-TG-

chylomicron-like particles 1 h after injection. d) BAT uptake in comparison to WAT, Aorta + PVAT and muscle. 
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Discussion 

 

Exploring BAT and its metabolism has become an interesting and fast developing topic in 

endocrine research. A variety of different imaging approaches have been used in the past 

reaching from in vitro experiments 39 over invasive imaging with fluorescence probes 4 or 3H-

compounds 5 to non-invasive experiments with PET 11-15, SPECT 16,17 and MRI 18-20. In a 

clinical environment most often [18F]FDG scans are used for BAT imaging but it only shows 

glucose-related uptake and has therefore the chance to misinterpret BAT activity by 

underestimating lipid uptake and metabolism. Additionally, [18F]FDG uptake is dependent  on 

insulin sensitivity and therefore might not reflect the real activation state of BAT. In studies 

with [18F]FTHA it was observed that radiolabeled FAs showed an increased uptake in BAT 

under cold stimulation in humans 14. However, these results with a free FA-based tracer 

might be less relevant because the majority of FAs is TRL derived 3,7 where FAs are 

transported as TGs. With our developed tracer [18F]BDP-TG which is incorporated into 

chylomicron-like particles we can overcome these limitations and gain new insights in BATs 

lipid metabolism. 

BDP-TG was produced in a decent yield (45%) like previously published 32 and radiolabeling 

was carried out with a decay corrected radiochemical yield of 44% which is in accordance to 

radiolabeling yields reported in literature 35,40.  

Chylomicron-like particles have been synthesized with a mean diameter of 164 nm (DLS) 

and 156 nm (TEM). Those sizes are in accordance with previously described particles 5,6,37.  

After synthesis of the particles, loading with either BDP-TG or [18F]BDP-TG was performed. A 

pre-purification of [18F]BDP-TG from free fluorine-18 and SnCl4 before incubation with 

chylomicron-like particles is of immense importance. In a previous approach [18F]BDP-TG 

received a single wash with H2O (500 µL) before it was incubated with the particles. After 60 

min the sample was purified by centrifugal filtration with an Amicon Ultra centrifugal filter (10 

KDa). This caused two problems: 1) remaining SnCl4 caused a co-precipitation of the 

particles 2) filtration destroyed the particles yielding large lipid emulsions. This could be 

b) c) 
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overcome by an intensified washing procedure where all the SnCl4 as well as free fluorine-18 

was washed out before [18F]BDP-TG was added to the chylomicron-like particles. 

An incorporation of the TG during the formation of the chylomicron-like particles in the 

sonicator has been tested but resulted in a breakdown of the boron-fluoride bond. 

Incorporation speed of [18F]BDP-TG into chylomicron-like particles was found to be fast 

(>99% after 60 min (Fig 3 b)) and temperature seemed to have no effect on the incorporation 

yield and speed (Fig 3 c). Purity of radiolabeled chylomicron-like particles was found to be 

>96% and therefore suitable for in vivo applications. (Fig 3 e and f).  

Additionally, we evaluated the incorporation of the BDP-TG into chylomicron-like particles by 

fluorescence. We previously found that the fluorescence intensity is strongly related to the 

environment of the compound, meaning that only if the BDP-TG is dissolved it will give a 

fluorescence signal 32. BDP-TG incorporated into chylomicron-like particles in HEPES 

solution showed a huge increase in signal (1413 fold) compared to BDP-TG or chylomicron-

like particles alone. This indicates that once the BDP-TG is incorporated into a chylomicron-

like particle it regains its fluorescence because it is in a lipophilic environment. 

In vivo preferential uptake of [18F]BDP-TG in BAT compared to WAT was observed. 

Exposure to cold during fasting, thereby activating BAT 2,24, pronounced the difference, 

indicating the ability of our tracer to visualize BATs metabolic activity and FA consumption. 

Although not visible on the microPET images, biodistribution data showed that PVAT 

followed a similar trend. Muscle tissue, which may become activated in the cold due to 

shivering 41 showed only low uptake of [18F]BDP-TG and no increased uptake due to cold-

exposure. This does not exclude a higher metabolic activity of muscle, as muscle may 

preferentially use glucose under conditions of cold exposure 42. 

BAT was however not the only tissue with a high uptake of [18F]BDP-TG. Uptake of the tracer 

was in fact highest in liver, heart, spleen and bone, and a significant increase by cold 

exposure is also demonstrated in liver, heart and spleen. Hepatocytes have a low LPL 

expression 6. High uptake values can be explained by increased uptake of remnants of the 

chylomicron-like particles, which still contain TGs 43, or by spill over of FAs generated during 
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lipolysis 44. This might also explain the elevated uptake due to cold activation because more 

remnants and FA are produced in this situation. Since the heart has high LPL expression 45,46 

a high tracer accumulation was expected. Increased LPL activity due to cold stimulation was 

already reported in cardiomyocytes 47,48 which explains the increased heart uptake. The 

spleen, as an organ of the mononuclear phagocytic system, contains high numbers of 

macrophages. Those macrophages are able to engulf large particles which might explain the 

marked uptake observed in the spleen 49. Lung uptake might be the result of a polydisperse 

particle distribution, as  large particles are prone to get entrapped in lungs capillaries 50. 

Indeed, in previous experiments with filtrated particles, where particle coagulation was 

frequent and sizes >1000 nm diameter could easily be reached, we experienced very high 

uptake values of >200% ID/g in the lung. 

We also noted a high uptake of radioactivity in the bone. Although ex vivo plasma stability 

tests with [18F]BDP-FA showed >99% intact compound after 4 h 32, this may not be valid in 

vivo. We were unable to demonstrate free fluorine-18 in vivo in the plasma, due to the rapid 

blood clearance and the difficulty to perform analyses on radiochemical purity of 18F-labeled 

chylomicrons from within a blood sample. Still, in recent literature it was shown that in vivo 

the stability is not ensured for radiolabeled BODIPY-compounds, making it likely that our 

compound is defluorinated as well 36. In a former publication 1,3-diolein was coupled to BDP-

FA 
32. We speculated that FAs on position 1 or 3 on the glycerol backbone might have a 

higher chance to get released during lipolysis. No significant differences in chemical and 

radiochemical yields during synthesis nor changes in the biodistribution can be reported for 

1,3-diolein-BDP-FA vs. 1,2-diolein-BDP-FA (data not shown). 

In comparison to our data, similar particles loaded with glycerol tri[3H]oleate previously 

showed higher uptake of [3H]oleate by BAT (approx. 5 fold 6, 6 fold 5 and 10 fold 51) and lower 

[3H]oleate uptake by liver (approx. 0.6 fold 6, 0.6 fold 5 and 0.5 fold 51) and heart (approx. 0.3 

fold 6, 0.3 fold 5 and 0.5 fold 51). Also no other organs showed an increased uptake when BAT 

was stimulated. Different experimental conditions (e.g. use of anesthetized vs. non-

anesthetized mice) could be a reason for this difference in the biodistributions as gaseous 
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anesthetics such as isoflurane are known to suppress adrenergic signaling 52. In general 

these results may point to a reduced BAT LPL-activity due to anesthesia which results in 

increased uptake by liver and heart. 
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Conclusion 

 

In the current manuscript, we presented a dual-modal fluorescent and PET active TG which 

was successfully incorporated into chylomicron-like particles. With different quality control 

methods we showed incorporation of the radiolabeled TG into chylomicron-like particles. In 

vivo animal studies showed that the resulting tracer was able to reach BAT but was also 

taken up by other tissues which employ LPL-mediated FA uptake. BAT uptake of the tracer 

was increased in cold exposed animals. The here presented technique is able to visualize 

TRL-derived FA BAT uptake after TG-lipolysis which is advantageous in comparison to 

conventional FA-based tracers which do not reflect the physiological situation and are mainly 

taken up by the liver. We anticipate that [18F]BDP-TG-chylomicron-like particles are a 

promising step forward to visualize and quantify BATs lipid metabolism and gain more 

information about BATs contribution to whole body energy expenditure in the future.  
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Supplementary Information 

 

Fig S1: Representative picture of transmission electron microscopy of chylomicron-like particles without BDP-TG 

loading. 

 

 

 

Fig S2: a) Time activity curves for specified organs in 4 °C fasted animals b) Time activity curves for specified 

organs in 22 °C fasted animals 
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Chapter 6: 
Triglyceride-rich lipoprotein derived fatty acid uptake by 
brown adipose tissue in control and diabetic mice at room 
temperature, acute cold exposure and cold acclimation 
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Abstract 

 

Background: Brown adipose tissue (BAT) is present in adult humans and contributes to 

their overall energy expenditure. The most often used tracer to visualize BAT and its 

metabolism is [18F]FDG which suffers from the problem that it is not able to visualize BATs 

complete metabolic activity. Under insulin resistant conditions associated with ageing and 

weight gain this method fails to detect BAT. We here used our novel developed triglyceride-

based tracer to visualize BATs metabolic activity under different temperature conditions and 

in a mouse model with induced diabetes. 

Methods: Control and streptozotocin-induced diabetic mice, housed at 21 °C, acutely 

exposed to cold or cold acclimated over 28 days, were injected with [18F]BDP-TG-

chylomicron-like particles and scanned dynamically for 32.5 min. 

Results: [18F]BDP-TG-chylomicron-like particles were able to visualize BAT under all 

conditions. Increased uptake was found in control mice acutely exposed to cold but not in 

other conditions. Diabetes reduced BAT uptake to levels of control mice housed at 21 °C. 

Conclusion: BAT was visualized under conditions were commonly used techniques (e.g. 

[18F]FDG) fail. BAT activation by cold exposure under diabetic conditions could not be 

detected indicating an insulin dependent uptake mechanism. 
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Introduction 

 

Brown adipose tissue (BAT) research has evolved rapidly within the last 2 decades to an 

important field in endocrine research. To visualize BAT and its metabolism, non-invasive 

imaging is a central technique. BAT has the ability to uncouple its ATP production and to 

produce heat instead of ATP. During this process protons enter the mitochondrial matrix by 

uncoupling protein 1 (UCP1) 1, a BAT specific protein, and release their energy as heat 2,3. 

This process is considered as nonshivering thermogenesis 2,4. 

BAT activity is triggered by cold stimulation and the chance to visualize BAT in animals and 

lean humans raises 5-7. During cld exposure, thermoreceptors in the skin are stimulated and 

activate neurons in the hypothalamus, resulting in a release of norepinephrine 2,8. 

Norepinephrine binding to β3-adrenoeceptors on BAT is activating a signalling cascade, 

which will lead to lipolysis of intracellular triglycerides (TG) and at the end result in UCP1 

activation 9,10. Therefore BAT might be an interesting target in the fight against obesity as it 

“burns” lipids instead of storing them. 

Most BAT scans were performed with [18F]FDG because of BATs history. For long, 

symmetrical accumulations in the supraclavicular area during [18F]FDG positron emission 

tomography (PET) (e.g. during cancer scans) were attributed to cervical muscle until later 

scans using PET/computed tomography (CT) could show that Hounsfield units are similar to 

them of adipose tissue 11-13. Therefore a high number of retrospective BAT studies have been 

published and until now [18F]FDG is used to visualize BAT. The prevalence to find active BAT 

depots during [18F]FDG/PET scans is strongly dependent on different variables such as age, 

BMI, or outdoor temperature 14,15.  

BAT [18F]FDG/PET scans suffer from two severe problems: 1) Fatty acids (FAs) have been 

identified as the main metabolized substance class 16,17 and therefore [18F]FDG/PET might 

largely underestimate BATs metabolic activity. 2) In clinical studies [18F]FDG BAT uptake 

was impaired in diabetic patients but uptake of [18F]FTHA (a radiolabeled FA) was not altered 

when compared to non-diabetic controls 18. As a high number of obese patients suffer from 
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diabetes type II 19 their insulin resistance will additionally decrease [18F]FDG uptake in BAT 

and underestimate BATs metabolic activity.  

Due to this facts BAT visualization with lipid tracers would be advantageous over [18F]FDG. 

FA based tracers, such as  [18F]FTHA 20 or [125I]BMIPP 21 have been developed and can be 

found in clinical applications. But even FA tracer might not be the optimal choice. 

During BAT activation internal lipid droplets are replenished by nutrient uptake from plasma 

in three different ways: uptake of FAs from triglyceride (TG)-rich lipoproteins (TRL) after 

external lipolysis, glucose uptake followed by de novo lipogenesis, and uptake of circulating 

albumin-bound FAs 2,22-24. It was found that TRL-derived FAs are the main supply of TGs in 

BAT 24,25. Due to this fact, free radiolabeled FAs applied in vivo rely on many different 

uncontrolled uptake and incorporation process before they are taken up by BAT, which we 

wanted to avoid. Therefore we have developed a radiolabeled TG 26 which we were able to 

incorporate into a pre-synthesized chylomicron-like particle 27. Additionally the tracer was 

tested in vivo and was able to visualize BAT at room temperature (21 °C) conditions as well 

as its uptake was increased by acute cold exposure.  

In this manuscript we investigate the effect of induced diabetes as well as acute cold and 

cold-acclimation in a mouse model on BAT metabolism visualized by our recently developed 

lipid based tracer [18F]BODIPY ([18F]BDP)-TG-chylomicron-like particle.  
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Methods 

 

Commercially available compounds were used without further purification unless otherwise 

stated. BDP-FA was purchased from Thermo Fischer Scientific (99%) (Netherlands). 1,2-

diolein was purchased from Cayman Chemicals (USA) (≥ 95%). All HPLC purifications (1.0 

mL/min, solvent A; 0.1% TFA in H2O, solvent B; CH3CN, 50°C) were performed on a 

Shimadzu UFLC HPLC system equipped with a DGU-20A5 degasser, a SPD-M20A UV 

detector, a LC-20AT pump system, a CBM-20A communication BUS module, a CTO-20AC 

column oven, and a Scan-RAM radio-TLC/HPLC-detector from LabLogic using an 

Aeris™Widepore column (C4, 3.6 μm, 4.6 mm × 250 mm) for the BODIPY-triglyceride (BDP-

TG). ESI-MS was performed on an Applied Biosystems SCIEX API 150 EX electrospray 

ionization quadrupole (ESI-Q) mass spectrometer with the method of McAnoy et al. 28. 

Briefly, 0.1 M aqueous ammonium acetate solution was added to the sample to observe the 

ammonium salt of the synthesized TG in the MS. 

1H-NMR spectra were carried out on a Bruker UltrashieldTH 400 plus at 400 MHz. Tol-d8 was 

used as solvent with TMS as internal standard. Chemical shifts are reported in parts per 

million (ppm) relative to the internal standard. 

 

Synthesis of chylomicron-like particles 

Synthesis of chylomicron-like particles was performed as reported before 29,30. Briefly, 

emulsion particles were prepared from triolein (70 mg), egg yolk phosphatidylcholine (Lipoid) 

(22.7 mg), lysophosphatidylcholine (2.3 mg), cholesteryl oleate (3.0 mg), and cholesterol (2.0 

mg). Sonification was performed using a Soniprep 150 (MSE Scientific Instruments, UK) that 

was equipped with a water bath for temperature (54 °C) maintenance, at 10 μm output. The 

emulsion was fractionated by density gradient ultracentrifugation steps in a Beckman SW 40 

Ti rotor. After centrifugation for 30 min at 17,850 rpm at 20 °C, an emulsion fraction 

containing chylomicron-like particles was removed from the top of the tube by aspiration. 

Characterization of chylomicron-like particles was done by DLS and transmission electron 
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microscopy. Chylomicron-like particles were stored at 4 °C and were used within 5 days 

following preparation. 

 

Synthesis of BDP-TG  

Synthesis was performed as reported before 26. Briefly, BDP-FL-C16 (300 μg, 0.6 μmol) in 

acetonitrile was evaporated to complete dryness before the reactant was reconstituted in 

toluene (100 μL). To the resulting solution SOCl2 in toluene (100 μL, 4 vol.-%) was added, 

incubated for 5 min at 70 °C in a closed vial and evaporated. The product was reconstituted 

in toluene (50 μL) containing 1,2-diolein (2 μL, 2.8 μmol) and heated to 100 °C for 30 min. 

After the reaction time, purification by HPLC (1 mL/min, 30% to 15% A in 5 min, 15% to 0% A 

from 5 to 6 min, 0% A to 20 min) yielded 2 (225 μg, 75%) as a red solid; tR= 12.3 min. ESI-

MS (+) m/z (%) = 1058 (100) [M - F-]+, 1095 (82) [M + NH4]
+. 1H NMR (400 MHz, Tol-d8); 

δ (ppm) = 5.46 (m, 4H), 4.26 (m, 2H), 4.06 (m, 2H), 3.13 (m, 1H), 1.75 (s, 3H). 

 

Radiolabeling of BDP-TG  

Radiolabeling was performed as reported before 26. Briefly, aqueous fluorine-18 solution was 

loaded on a QMA-cartridge which was preconditioned with 15 mL K2CO3 in H2O and 20 mL 

H2O. Fluoride (42 MBq) was eluted with a mixture of 600 μL acetonitrile, 400 μL H2O and 6 

mg Sodium p-toluenesulfonate (Sigma-Aldrich). Fluorine-18 solution was transferred into a 

drying vessel containing tetra-n-butylammonium bromide (80 μL) as a phase transfer agent. 

Acetonitrile (3 × 1.0 mL) was added and the solution of fluorine-18 was dried by heating to 

100 °C with a continuous flow of argon. After reconstitution of Fluorine-18 in anhydrous 

acetonitrile (100 μL), a solution of BDP-TG in toluene (107 μg, 0.1 μmol in 50 μL) and SnCl4 

(0.2 M in acetonitrile, 100 μL) was added to the solution with the activity and the reaction 

solution was stirred at room temperature (r.t.) for 30 min. [18F]BDP-TG was obtained (decay 

corrected RCY: 44%, 25 MBq) with a decay corrected specific activity of 250 MBq/μmol and 

a radiochemical purity of 45% determined by a radio-TLC with toluene, CHCl3 and MeOH 

(80.9%, 14.3%, 4.8%) of the reaction solution.  
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Ex vivo incorporation of [18F]BDP-TG into chylomicron-like particles  

Incorportaion of radiolabeled [18F]BDP-TG was performed as reported before 27. Briefly, the 

[18F]BDP-TG solution  (233 MBq) was quenched with 500 μL H2O and centrifuged for 5 min. 

The organic phase was washed 3 times with 500 µL H2O before [18F]BDP-TG was 

reconditioned in 20 μL EtOH. [18F]BDP-TG could be obtained with a radiochemical purity of > 

96% and an overall decay corrected radiochemical yield of 21%. 400 μL chylomicron-like 

particles in HEPES were added (1.5 mg TG content) and incubated for 1 h at r.t.. [18F]BDP-

TG-chylomicron-like particles were obtained (overall decay corrected RCY: 18%, 19 MBq) 

with a radiochemical purity of > 99% analyzed by gel electrophoresis and radio-TLC. 

 

Animal experiments 

Experimental protocols were approved by the “Centrale Commissie Dierproeven” and all 

animal experiments and procedures were performed in accordance with the guidelines set of 

this institution. 23 female C57Bl/6 mice were divided into 2 groups. Group 1 served as 

control group and group 2 was injected with Streptozocin 10 days before the experiment to 

destroy the β-cells in the pancreas 31. Mice from group 1 were fed with a normal diet (10% 

kcal fat content, Research Diets Inc.), while group 2 received a high fat diet 32 (45% kcal fat 

content, Research Diets Inc.) from the day of Streptozocin injection. An animal was 

considered as diabetic when the glucose level at the day of the experiment was > 10 mM.  

Both groups were divided into 3 subgroups where subgroup 1 was fasted for 4 h at 21 °C 

before the imaging experiment. Subgroup 2 was housed at 21 °C but was fasted for 4 h 

during exposure to 6 °C prior to tracer injection. Subgroup 3 was exposed to cold for 6 h per 

day for 28 days and was fasted for 4 h before tracer injection (Fig 1). 

Mice were anesthetized (Pentobarbital, 60 mg/kg i.p.), and injected with [18F]BDP-TG-

chylomicron-like particles (1-10 MBq) in HEPES (100 μL) via the tail vein. Mice were 

scanned dynamically for 32.5 min on a microPET (Focus 120, Siemens). Images were 

analyzed using Pmod V3.707. After the scanning time animals were killed and organs 
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harvested, weighed wet and counted using a WIZARD2 automatic γ-counter from Perkin 

Elmer.  

Additionally mice (n=12) were divided into two groups. Group 1 was injected at day 0 either 

with [18F]FDG (n=4) or with [18F]FTHA (n=4) (10 ± 2 MBq) and scanned dynamically for 20 

min. After 14 days of cold acclimation (4 °C for 6 h/day), group 2 was also injected with 

[18F]FDG (n=4) or with [18F]FTHA (n=4) (10 ± 2 MBq) and scanned dynamically for 20 min. 

BAT uptake was analyzed by SUV values. 

Fig 1: Mice were divided into 2 groups. Group 1 was used as a control group. Group 2 was injected with 

Streptozocin 10 days before the imaging experiment and afterwards fed with a high fat diet to induce diabetis. 

Both groups were divided into 3 subgroups where subgroup 1 was housed at 21 °C before the experiment. 

Subgroup 2 was housed at 21 °C but was exposed to 6 °C for 4 h prior to tracer injection. Subgroup 3 was 

exposed to cold for 6 h per day for 28 days before the imaging experiment.  
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Statistical analyses 

Data are presented as mean ± SD, unless indicated otherwise. Differences at a probability 

level (p) of 0.05 were considered statistically significant. GraphPad Prism 5.01 (La Jolla, CA, 

USA) for Windows was used for statistical analyses. 

 

Availability of materials and data 

All data generated or analysed during this study are included in this published article (and its 

Supplementary Information files). 
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Results  

 

Synthesis of BDP-TG, radiolabeling and incorportation into chylomicron-like particles 

Esterification of BDP-C16 yielded BDP-TG (45 ± 8%) after HPLC purification (tr 12.3 min) and 

its identity was confirmed by NMR and ESI-MS like reported before 26. Radiolabeling of BDP-

TG was conducted as described before (44% decay corrected rcy., 250 MBq/μmol corrected 

specific activity). After washing steps [18F]BDP-TG could be obtained with an overall rcy. of 

21% (rcp. >96%).   

Chylomicron-like particles were synthesized with a mean diameter of 164 ± 20 nm and a 

polydispersity index of 0.181 (n=4). Electron microscopy confirmed the identity of the 

particles. 

[18F]BDP-TG was incorporated into chylomicron-like particles like reported before 27. After 60 

min at r.t. more than 99% of the [18F]BDP-TG was incorporated in the particle and no free 

fluorine-18 was found in solution. 

 

Animal experiments 

[18F]BDP-TG-chylomicron-like particles (1-10 MBq) were injected i.v. into female C57Bl/6 

mice, which were fasted for 4 h either at 21 °C or at 4°C. After scanning for 32.5 min the 

animals were euthanized and the organs were harvested. Analysis of the PET images 

showed highest uptake in liver, and heart of mice exposed at 21 °C, acute cold and cold 

acclimation (Fig 4 and Fig S1-6 a) in both control and diabetic animals. A rapid increase with 

a slow washout in both organs could be visualized (Fig S1-6 a). In bone a constant increase 

in signal was observed (Fig S1-6 b), which probably indicates a defluorination process of the 

tracer in vivo, as reported in literature 33. Lung showed a fast increase with a fast washout 

and stayed constant at later time points under all temperature conditions. Brain as a negative 

control showed negligible uptake (Fig S1-6 b). 
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Fig 2: Biodistribution data of control (a) and diabetic (b) mice at 21 °C, under accute cold and cold acclimation 30 

min after injection of [18F]BDP-TG-chylomicron-like particles. 

 

BAT uptake was significant increased under control conditions by acute cold vs. 21 °C 

(Mann-Whitney U, n=3, two tailed, p<0.05) as well as by acute cold vs. cold acclimation 

(Mann-Whitney U, n=3, two tailed, p<0.05) (Fig S1-3 b). No other effects due to cold 

exposure were observed in the control group and in the group with induced diabetes. Under 

acute cold exposure the control group showed significant increased BAT uptake vs. the 

diabetic group (Mann-Whitney U, n=6, two tailed, p<0.001) (Fig S2 and 5 b). No other 

significant group differences can be reported.  
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PET images are supported by the results of the biodistribution. Highest uptake values in 

control animals housed at 21 °C were found in spleen (30.1 ± 16.9% ID/g), liver (21.5 ± 2.0% 

ID/g), lung (18.0 ± 2.0% ID/g), and heart (16.9 ± 4.1% ID/g) (Fig 3 a). After 30 min only 4.7 ± 

2.2% ID/g were found in the blood, indicating a fast blood clearance during the scanning 

time. Uptake by BAT (9.6 ± 1.7% ID/g) was approximately 3.5-fold higher than uptake by 

WAT (2.8 ± 1.4% ID/g; Mann-Whitney U, n=4, two tailed p<0.001) (Fig 2 a). 

In animals exposed to acute cold highest uptake was reached in spleen (32.2 ± 14.8% ID/g), 

liver (23.8 ± 3.9% ID/g) and heart (19.9 ± 9.8% ID/g). Uptake in BAT was found to be 15.1 ± 

4.7% ID/g and was significantly higher (Mann-Whitney U, n=4, two tailed, p<0.05) compared 

to WAT (3.6 ± 3.0% ID/g) (Fig 2 a).  

In cold acclimated animals highest uptake was reached in spleen (39.3 ± 21.3% ID/g), liver 

(24.9 ± 3.6% ID/g) and heart (17.2 ± 3.3% ID/g). Uptake in BAT was found to be 7.6 ± 1.9% 

ID/g and was significantly higher (Mann-Whitney U, n=3, two tailed, p<0.05) compared to 

WAT (2.4 ± 0.9% ID/g) (Fig 2 a).  

BAT uptake in animals exposed to acute cold showed a clear trend towards increased 

uptake compared to animals housed at 21 °C but could not reach significance (Mann-

Whitney U, n=6, two tailed, p=0.07). Acute cold vs. cold acclimation animals showed a 

significant increase in uptake in animals exposed to acute cold (Mann-Whitney U, n=6, two 

tailed, p<0.05) where housing at 21 °C vs. cold acclimation did not show significant 

differences. Other organs did not show any response to acute cold or cold acclimation (2way 

Anova). 

Highest uptake values in diabetic animals housed at 21°C were found in spleen (38.7 ± 6.9% 

ID/g), liver (37.5 ± 3.3% ID/g) and heart (23.7 ± 1.9% ID/g). 4.4 ± 0.3% ID/g were found in the 

blood. Uptake by BAT (8.0 ± 1.3% ID/g) was 4.2-fold higher than uptake by WAT (1.9 ± 0.5% 

ID/g; Mann-Whitney U, n=4, two tailed p<0.001) (Fig 2 b). 

In diabetic cold exposed animals highest uptake was reached in spleen (50.3 ± 9.7% ID/g), 

liver (33.4 ± 2.1% ID/g) and heart (23.8 ± 6.6% ID/g). Uptake in BAT was found to be 8.2 ± 
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1.4% ID/g and was significantly higher (Mann-Whitney U, n=4, two tailed, p<0.001) 

compared to WAT (1.8 ± 1.2% ID/g) (Fig 2 b).  

In cold acclimated animals highest uptake was reached in liver (38.4 ± 0.6% ID/g), spleen 

(33.4 ± 1.2% ID/g) and heart (25.5 ± 7.2% ID/g). Uptake in BAT was found to be 9.5 ± 1.8% 

ID/g and was significantly higher (Mann-Whitney U, n=3, two tailed, p<0.05) compared to 

WAT (1.4 ± 0.1% ID/g) (Fig 2 b).  

All three conditions (22 °C, acute cold exposure and cold acclimation) in diabetic animals 

were compared to each other but only showed significant differences in spleen in 22 °C vs. 

acute cold (p<0.001) and acute cold vs. cold acclimated (p<0.001) (2way Anova).  

When control and diabetic animals were compared at the same temperature significant 

difference was found at 22 °C in liver (p<0.001), in acute cold animals in liver (p<0.05), 

spleen (p<0.001) and BAT (p<0.05) and in cold acclimated animals in liver (p<0.01).  

BAT uptake of [18F]BDP-TG was plotted against the glucose level and both groups differed 

significantly by their glucose levels (Mann-Whitney U, n=23, two tailed, p<0.05) but not by 

their BAT uptake values (Fig 3).   

 

Fig 3: glucose level [mM] and %ID/g BAT uptake of [
18

F]BDP-TG-chylomicron-like particles in control and  

diabetes induced mice. 
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Fig 4: PET images (22-32.5 min) of [
18

F]BDP-TG- chylomicron-like particles in control and diabetic mice under 

different temperature conditions. 

 

BAT uptake of [18F]FDG was significant higher compared to [18F]FTHA in animals housed at 

21 °C (2.5 ± 1.1 vs. 0.5 ± 0.1) (Mann-Whitney U, n=8, two tailed, p<0.05). The same 

difference in uptake can also be reported for animals acclimated to cold for 14 days (3.0 ± 

1.0 vs. 0.4 ± 0.1) (Mann-Whitney U, n=8, two tailed, p<0.05). Animals scanned with the same 

radiotracer did not show a significant response to 14 days of cold exposure for [18F]FDG 

(Mann-Whitney U, n=8, two tailed, p>0.05) and for [18F]FTHA (Mann-Whitney U, n=8, two 

tailed, p>0.05). 
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Discussion 

 

BAT and its metabolism has become an interesting topic in the field of endocrine research 

within the last two decades. A high amount of imaging and quantification approaches, 

reaching from in vitro experiments 34, over invasive 23  or fluorescent probes 22 to non-

invasive imaging techniques with PET 11-13,35,36, SPECT 37,38 and MRI 39-41, has been adapted 

or especially developed to explore BAT. Till now [18F]FDG is the most often used technique 

for BAT imaging but it is suffering from the problem that it is only able to show glucose 

related uptake. Therefore [18F]FDG might largely underestimate BATs metabolic activity as 

FAs are the main metabolized substance class 16,17. Another disadvantage of BAT imaging 

with [18F]FDG is that it is strongly dependent on insulin sensitivity. In a clinical study it was 

shown that BATs glucose uptake was strongly impaired during insulin resistance where FA 

uptake was not affected under these conditions when compared to healthy controls 18. These 

findings indicate that even during insulin resistance, BATs oxidative metabolism and FA 

uptake are not altered 25. TRL-derived TGs were identified as BATs main source of FAs 24,25 

and lipoprotein lipase (LPL) was shown to be crucial for processing TRLs in vivo 25,42. As LPL 

activity is decreased during insulin resistance 43, and insulin was found to be essential for the 

lipolysis of TRLs 44, uptake of TRL-derived FA is also altered under diabetic conditions which 

might complicate BAT detection. Nevertheless, to our opinion, radiolabeled TG encapsulated 

into TRLs might be the most accurate way to visualize BATs FA uptake and metabolism as it 

reflects the in vivo situation best. 

In the presented study we put emphasis on different cold exposure protocols as well as on 

BAT lipid uptake during diabetes. The radiotracer was synthesized according to previous 

work 26,27 but sedation of mice was performed with pentobarbital instead of isoflurane. Due to 

the different sedative used, tracer uptake in BAT was significantly increased at 21 °C but 

other characteristics previously discussed were still present 27. An increase in tracer uptake 

under control conditions due to acute cold exposure was observed but could not reach 

significance (Fig 2 a). Similar to experiments in humans, long term cold acclimation could not 

b) c) 
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increase tracer uptake in BAT compared to exposure to 21 °C 45. This effect was also 

observed in mice acclimated to cold and injected with [18F]FDG and [18F]FTHA.  

In diabetic mice no difference between housing at 21 °C, acute cold exposure or cold 

acclimation could be found. Even the pronounced uptake after acute cold exposure vs. 21 °C 

(Fig 2 b) could not be observed anymore. In a recent publication Heine et al. described BATs 

dependence on insulin to maintain its lipolytic capacity to process TRLs 44. The here 

presented results are in accordance to this work. Nevertheless, BAT could be visualized 

under conditions where [18F]FDG would have failed 46. In general BAT uptake was 

comparable to uptake in control mice housed at 21 °C which indicates BATs metabolic 

activity under diabetic conditions.  

When control and diabetic animals were compared at different temperature conditions 

increased uptake in liver, spleen and BAT was found which also points to an insulin 

dependent uptake mechanism.  

As a high number of patients which suffer from obesity also suffer from diabetes, additional 

experiments with obese mice are planned to decrypt BATs metabolism under these 

conditions.  

In general it is to note that a combination of the here presented tracer and MRI or CT would 

be an optimal choice to quantify BATs lipid consumption. With [18F]BDP-TG-chylomicron-like 

particles it is possible to measure lipid influx, where Magnet Resonance Imaging (MRI) and 

Computed Tomography (CT) are able to quantify intracellular lipid usage at the same time. 

Possible drawbacks might be the influence of the diet on the pharmacokinetics of the tracer 

and the possibility to overestimate BATs activity because of blood pool activity. A high fat diet 

was necessary to induce diabetic conditions. Therefore higher amounts of TGs were 

expected in the blood which would reduce tracer uptake by competition. Blood perfusion in 

BAT was found to be increased due to cold by a factor of 2 47. Therefore we cannot rule out 

the possibility of measuring only blood pool activity. Nevertheless, the relative low amount of 

activity found in the blood and the clearance of the tracer point more towards an active tracer 

uptake. 
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Conclusion 

 

We were able to visualize BAT uptake of TRL derived FAs under different metabolic and 

temperature conditions. Cold acclimation of control mice could not show increased FA 

uptake where acute cold exposure had an observable effect. Under diabetic conditions no 

difference between different temperatures was noted but uptake values were comparable to 

control mice housed at 21 °C. [18F]BDP-TG-chylomicron-like particles showed BAT uptake 

under diabetic conditions. A combination between the here presented tracer and MRI or CT 

would be advantageous to fully quantify BATs lipid consumption. 
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Fig S1: time activity curves in control mice housed 21 °C in a) liver and heart b) BAT, brain, bone, lung. 
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Fig S2: time activity curves in control acute cold exposed mice in a) liver and heart b) BAT, brain, bone, lung. 
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Fig S3: time activity curves in control cold acclimated mice in a) liver and heart b) BAT, brain, bone, lung. 
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Fig S4: time activity curves in diabetic mice housed 21 °C in a) liver and heart b) BAT, brain, bone, lung. 
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Fig S5: time activity curves in diabetic acute cold exposed mice in a) liver and heart b) BAT, brain, bone, lung. 
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Fig S6: time activity curves in diabetic cold acclimated mice in a) liver and heart b) BAT, brain, bone, lung. 
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Brown adipose tissue (BAT) research started as an underestimated research field in the last 

century which was thought to have limited beneficial effect for adult humans. Already in the 

20’s 1 brown adipocytes in humans were described and following studies 2-4 analyzed BATs 

function in newborns. Nevertheless, BATs size was found to decrease with aging and 

therefore it was thought to be irrelevant for adults 5-7. In the 80’s of the last century significant 

amounts of BAT were found in outdoor workers 8 and since the 00’s of this century active 

BAT was imaged and then verified in human adults based on [18F]Fluoro-2-deoxy-2-D-

glucose ([18F]FDG) Positron Emission Tomography/Computed Tomography (PET/CT) 9-11 

and consecutive biopsies. Subsequent dedicated cold exposure experiments showed an 

increased [18F]FDG uptake 12-14 and short term cold exposure was able to recruit BAT even in 

obese subjects 15. BAT research gained more and more interest over time and new 

techniques and tracers to image BATs volume and metabolic activity have been developed.  

Nevertheless, the predominant PET tracer for BAT imaging is [18F]FDG. Its broad availability 

and relative long half-life offer the opportunity for non-in-house production and shipment to 

the place of usage. Anyways, the disadvantages of the use of a glucose tracer have been 

described earlier, i.e. this tracer offers only information about BAT volume and glucose 

consumption. As this reflects only a small portion of the energy metabolism, the overall 

metabolic BAT activity cannot be determined with [18F]FDG. Therefore there is need for new 

methods and techniques to unravel BATs contribution to whole body expenditure.  

Reviewing the use of lipid metabolism imaging and its application in the field of BAT we 

concluded (chapter 2) that many different techniques are available to image BAT and its 

metabolism from which are some already translated to the clinic, some have the potential to 

be translated and some will have only preclinical application. MRI, SPECT and PET are all 

suitable to non-invasively image BAT but also the right tracer should be chosen to visualize 

different aspects of BAT. We expected PET imaging with radiolabeled FAs to be the most 

promising technique for BAT metabolism imaging because it reflects its main metabolized 

substance class 16 but also other imaging modalities such as fluorescence imaging and MRI 
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will have an impact on the exploration of BAT and its contribution to whole body energy 

expenditure.  

To demonstrate the many different opportunities to visualize BAT we looked broader (chapter 

3) and compared different imaging techniques, available in our institute, with regard to their 

ability to monitor BAT activity. We included MR Spectroscopy (MRS) but also PET and 

SPECT which was conducted with tracers which were already applied in the clinic but where 

no inter-tracer comparison was available. Additionally we investigated the effect of acute cold 

exposure and cold acclimation on the biodistribution of the different tracers as no data was 

available on this information. Here, we concluded that different modalities, like PET, SPECT 

and MRS were able to visualize BAT in rats and that BAT could also be identified by its 

protein and mRNA levels. With MRS we were able to quantify heat production of BAT. 

[18F]FDG, [18F]FTHA and [123I]MIBG showed pronounced uptake under acute cold conditions, 

like reported in literature 17, but uptake was not further increased significantly by cold 

acclimation. In humans the situation is different. Here the SUV value increases up on chronic 

cold acclimation 18,19 but we hypothesized that BAT in rats housed at 22 °C is already 

acclimated to a small extend as this temperature is below their thermoneutral zone (~30 °C) 

20. The other tracers did not show significant increased uptake values up on cold stimulation 

or were not able to visualize BAT.  

Based on the conclusions from chapter 2 and 3, we looked deeper into the use of 

radiolabelled FAs as a tool to assess BAT activity.  

FA tracers like [18F]FTHA and [123I]BMIPP might already have advantages over [18F]FDG but 

nevertheless FAs should not be applied as such because usually BAT takes up FAs after 

lipolysis of TGs resulting from triglyceride-rich lipoproteins (TRLs)21. Therefore a conversion 

of the discussed FAs to their corresponding TGs following and incorporation into TRLs would 

be necessary to mimic the in vivo situation best. We focused on this tasks and experienced 

several problems during the synthesis of such TGs (chapter 4) and carrier systems 

(chapter 5). Esterification of FAs to TG is a straight forward technique. However, most 

protocols focus on large amounts of precursor which is in most cases not necessary and too 
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expensive for the synthesis of radiotracers. Therefore, a downscaling of these reactions 

needed to be done. Also a radiolabeling of the TG might lead to several problems as most 

radiolabelings with halogens are performed in polar solvents where the TG-precursor 

molecule would not be soluble. An intermediate solvent system needed to be found as well 

as extensive purification steps to assure that, during the following incorporation of the TG 

into the lipoprotein-like particles, the particle itself is not altered. Quality controls had to be 

implemented before in vivo/vitro administration.  

We developed a dual modal fluorescent/PET active TG (chapter 4) which was tested in vitro 

and compared to the crude FA. First we aimed to esterify FTHA but within this step all we 

observed was a major side-product. We hypothesised that due to the strong chlorinating 

agent thionyl chloride, which is used during the esterification, the thioether bond is not stable. 

Also by variations of the reaction conditions the product was not successfully synthesized. 

The next FA we choose was the commercially available BODIPY-C16 (BDP-FA). This FA 

offers the opportunity to radiolabel it with fluorine-18 by a 19F/18F exchange reaction on its 

boron core but is also fluorescent which facilitates first in vitro testing. Esterification with 1,3-

diolein was successfully performed and radiolabeling of the BDP-FA and the BDP-TG was 

carried out in decent yields which were in accordance to literature 22,23. The following in vitro 

uptake experiments with primary human BAT and WAT cells revealed that BDP-FA is taken 

up with the characteristics of other FAs (km = 1.15 µM) 24,25 but not the BDP-TG. As BDP-TG 

is highly lipophilic it will not dissolve in the aqueous cell medium and will therefore not be 

available for any cells. We analyzed uptake characteristics by fluorescence and found a 

CD36 dependent uptake in BAT which could be stimulated by norepinephrine. WAT cells 

seemed to be resistant to the same interactions, which was also reported in literature 26,27 

and therefore a different uptake mechanism was assumed. From literature 28,29 but also by 

our own experience we observed that BDP-dyes have a high potential for quenching effects 

as soon as they are not perfectly solubilised. Therefore, similar experiments with the 

[18F]BDP-FA were conducted and comparable results were found.  
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In chapter 4 a study describing the possibility of BDP-FA employed as a FA based tracer is 

presented. It is taken up with the characteristics of a FA and can be characterized by its 

fluorescence. It can be radiolabeled by a straight forward technique offering the opportunity 

for real, unquenched, uptake quantification. BDP-FA was esterified to its corresponding TG, 

which did not show any uptake in in vitro experiments due to its highly lipophilic character. 

Nevertheless BDP-TG could also be radiolabeled in a decent yield. 

As already mentioned the main lipid source of BAT is lipolysed FAs from TRLs 30. Therefore, 

we focused (chapter 5) in a next step on the incorporation of the BDP-TG/[18F]BDP-TG into a 

chylomicron-like particle which we synthesized ex vivo. For this purpose we adapted a 

method from our collaborator Prof. Rensen who labelled particles with [3H]triolein 31-36. 

Different to his approach we intended to label the particles after formation, and reduce the 

total labelling time from 1 day to < 2 hours. A direct labeling during formation of the particles 

was tested but resulted only in free fluorine-18. We hypothesized that the high energies 

emitted from the sonicator, which is necessary for particle formation, is sufficient to break the 

boron-fluoride bond. Additionally long synthesis times and extensive workup would not be 

beneficial due to the relative short half-life of fluorine-18. We tested a variety of loading 

procedures (e.g. extruder, gentle sonication, heating) and incubation for 1 h at room 

temperature turned out to bring the highest incorporation yields. To our knowledge this is the 

first time chylomicron-like particles were loaded in such a way and this method might be 

beneficial for other attempts to label lipoproteins after their formation. Different quality control 

measures were taken to assure that the BDP-TG/[18F]BDP-TG is truly located in the lipid core 

of the particle. It was found that extensive washing of the [18F]BDP-TG is of immense 

importance as the SnCl4 which is used during the radiolabeling step precipitates in aqueous 

medium and causes a co-precipitation of the chylomicron-like particles. Also a purification of 

[18F]BDP-TG from free fluorine-18 is ensured by multiple washing steps because a later 

purification of the [18F]BDP-TG-chylomicron-like particles by centrifugal filters caused an 

irreversible aggregation of the particles. In vivo data proved the uptake of [18F]BDP-TG-

chylomicron-like particles by BAT but also high uptake values were observed in heart, liver 
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and spleen. Heart, as an organ with a known lipoprotein lipase expression, 37,38 is able to 

bind high numbers of lipoproteins and therefore this high uptake values are not remarkable. 

High uptake values for liver were explained by remnant particles which still contained 

[18F]BDP-TG 39. The spleen contains high numbers of macrophages which are able to engulf 

large particles. This might explain the marked uptake observed in the spleen 40. BAT uptake 

was in any case significantly increased in comparison to WAT and uptake in BAT could be 

significantly increased by cold exposure for 4 h before the experiment.  

In chapter 5 we describe the synthesis from [18F]BDP-TG to the radiolabeled chylomicron-like 

particle. Rigorous washing steps are of importance and determine the quality of the final 

product. In vivo we were able to show [18F]BDP-TG-chylomicron-like particles suitability as a 

BAT imaging agent.  

As we proved the suitability of [18F]BDP-TG-chylomicron-like particles to visualize BAT and 

its metabolism we went a step further (chapter 6) and investigated its behaviour under 

different cooling protocols and under diabetic conditions. Interestingly we could only observe 

an increase in [18F]BDP-TG uptake under acute cold stimulation in BAT where this effect was 

not visible after long term cold acclimation. Also no significant difference was detected in 

diabetic animals and both groups BAT uptake differed only under acute cold conditions.  

As already discussed, most BAT scans in patients are performed with [18F]FDG. Here the 

same phenomenon was observed where [18F]FDG BAT uptake was impaired in diabetic 

patients but uptake of [18F]FTHA was not altered when compared to non-diabetic controls 41. 

This may lead to the assumption that glucose uptake is not an indicator for thermogenesis in 

BAT 42. 

We compared the obtained results with data of [18F]FDG and [18F]FTHA under the same 

cooling protocol, but not in diabetic mice. Similar results were observed for [18F]FDG and 

[18F]FTHA where cold acclimation could not show an effect. These results are in accordance 

with the results we obtained in chapter 3 in a rat model where cold acclimation could not 

further increase any of the applied tracers, including [18F]FDG and [18F]FTHA in comparison 

to acute cold exposure, and where no elevated mRNA genes and protein levels related to 
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BAT metabolism could be found. Cold acclimation leads to browning 43 and therefore to a 

total increase of brown and beige BAT cells. We speculated that under long term cold 

exposure the single BAT depots might not be stimulated to such an extent anymore as under 

acute cold exposure because the total BAT mass has grown. An additional explanation 

would be that under acute cold the FA influx into BAT is up-regulated whereas by cold 

acclimation an equilibrium is reached where the influx is regulated to a constant level. 

In the presented thesis we produced a radiolabeled TG which can be incorporated into 

lipoprotein-like particles for non-invasive in vivo imaging of lipid metabolism. This is to our 

knowledge the first time that PET active TGs were incorporated into chylomicron-like 

particles. Additionally those particles and also the BDP-FA can be used to quantify BAT 

uptake in vitro providing the opportunity for first testings without the use of radioactive 

material. We put emphasis on imaging the lipid uptake of BAT but this method can easily be 

adapted for other applications such as e.g. imaging of lipid uptake into the liver or heart. This 

methodology has the potential for in vivo imaging in humans but more work needs to be 

done, namely: 1) Exchange of the BDP-FA to a FA which can be used in humans. 2) Quality 

control of radiolabeled lipoproteins needs to be optimized. 

Nevertheless, we have the opinion that imaging with radiolabeled TGs incorporated into 

lipoproteins mimics the in vivo situation, how lipids are transported in the body, better than 

other applied techniques so far and is therefore a huge step forward in the field of lipid 

metabolism imaging. 
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Conclusion 

In our experiments we found that [18F]BDP-TG-chylomicron-like particles are able to reach 

BAT and its uptake is up-regulated by acute cold stimulation. We also found that BAT did not 

show high lipid influx by cold acclimation. This may implicate that the contribution of BAT 

may not be as high as in optimistic studies a decade ago 44.  

However, we have developed a new lipid based imaging agent for BAT, which will help to 

uncover BATs contribution to whole body energy expenditure but which also can easily be 

adapted for other applications. The developed dual-modal tracer combines several 

advantages and has therefore a broad field of applications ranging from first in vitro testings 

without any radiation dose to non-invasive PET imaging. 
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Valorization 
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Social relevance 

Obesity has long been a severe issue but newest reports from the WHO show alarming 

numbers on the development of obesity. In 2016 worldwide more than 1.9 billion adults were 

overweight from which 650 million where obese. Frighteningly also 41 million children under 

the age of 5 and over 340 million children between the age of 5 and 19 were overweight or 

obese. According to the Robert Koch Institute 66% men and 50% women were overweight in 

Germany in 2011. In total 25% were obese while this number has tripled between 1975 and 

2014. Obesity is related to a number of other diseases such as diabetes type II, 

cardiovascular diseases and cancer. In 2015 worldwide deaths of 4 million people could be 

directly related to obesity but also people suffering from overweight have a decreased life 

expectancy. In the future the prevalence to develop obesity is predicted to rise to 33% 

(United States) within the next two decades. Therefore action needs to be taken to 

counteract this epidemic. 

Obesity is the result of a positive energy balance. This can be overcome by a reduction of 

energy intake or an increase in energy expenditure. Reduction of energy intake is most often 

addressed by diets but in studies it could be shown that only a small number of patients 

could maintain their weight after a diet. The easiest way to increase energy expenditure 

might be physical activity. Similar like diets it was shown that people had problems following 

exercise plans on a regular level. Additionally, physical exercise might not be performed by 

extremely obese patients which attenuates its role on weight loss. 

An alternative strategy to increase energy expenditure is the activation of brown adipose 

tissue (BAT). BATs contribution to overall energy expenditure is estimated to be 2 - 30% in 

humans but its role in lipid metabolism is not completely understood yet. Therefore this thesis 

is focused on BAT imaging to gain more information about its metabolism which should help 

to level out the impaired energy balance of obese people in the future.  
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Target group 

As reported in the last section, obesity is a worldwide epidemic. Finding new strategies to 

prevent people from becoming obese and reducing body weight of already obese people will 

have a huge impact on our worldwide society. An enormous number of overweight and 

obese people (1.9 billion) will be affected where obese people will benefit most. 

Nevertheless, overweight people will also gain quality of life after weight reduction. BAT 

might be an interesting target to solve this problem. Even in the past, studies already showed 

that BAT can be activated by mild cold exposure which should have an impact on how we 

are tempering our houses and offices. Anyhow, more research has to be done to obtain 

coherent results of such interventions but on the other hand it is important to inform the 

general public to call attention to this subject. Even though this study is more related to basic 

research, it might help to understand BATs metabolism and will therefore have on a long 

term an effect on the general society. 

 

Activities 

The here presented work was carried out as a collaboration between the Department of 

Radiology and Nuclear Medicine, Department of Nutrition and Movement Sciences, Nuclear 

Medicine of Maastricht University Medical Center+ and Department of Nuclear Medicine of 

University Hospital RWTH Aachen. Additionally, the Institute for Experimental Molecular 

Imaging of the University Hospital RWTH Aachen and the Department of Medicine of Leiden 

University Medical Center were involved in parts of the project. Specialists in the field of 

chemistry, biology, radiochemistry, animal handling, positron emission tomography, electron 

microscopy and BAT metabolism were involved. This extensive collaboration between 

different institutions and different fields of science shows the amount of knowledge that is 

necessary to carry out such studies.  

The work performed in this thesis was presented in original articles that were published in 

scientific journals with a background in radiochemistry, imaging and BAT metabolism. The 

articles are not only published in those journals but are also available online and some are 
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even open access. Therefore the obtained results are available to the broad scientific 

community. Results were also presented on national and international conferences. A new 

method to load lipoproteins with radiolabeled TGs was described and may improve BAT 

imaging in the near future.  

 

Innovation 

Active BAT in adult humans has first been described in the 00’s of this century. A 

combination of positron emission tomography and computed tomography (PET/CT) helped to 

identify what has long thought to be artefacts as BAT depots. Till now most human scans 

were performed with 2-2-deoxy-2-[18F]fluoroglucose ([18F]FDG) and a lot of retrospective 

studies with the same tracer were conducted. Even though [18F]FDG is able to visualize BAT 

and uptake was observed to be increased after cold exposure, it only reflects BATs glucose 

metabolism. In BAT mainly fatty acids (FA) are metabolised were de novo lipogenesis from 

glucose plays a minor role. Therefore [18F]FDG might largely underestimate BATs metabolic 

activity and a FA based tracer is needed to quantify BATs metabolic activity and potential. 

Some FA tracers are already in use for clinical test but even they do not completely reflect 

the situation in vivo. It was shown that BAT predominantly takes up lipids from triglyceride 

(TG)-rich lipoprotein (TRL)-derived FAs over circulating albumin-bound FA. Therefore 

application of radiolabeled free FA might not represent BATs metabolism completely.  

The aim of this study was to develop a radiolabeld TG and to incorporate it into a lipoprotein 

particle which has been synthesized ex vivo. This method has the advantage that uptake of 

BAT does not rely on additional uptake mechanism of free FAs in vivo which would 

complicate data interpretation. To our knowledge ex vivo synthesized particles were only 

loaded with TGs radiolabeled with tritium which cannot be used for in vivo imaging. Therefore 

our approach is a step forward in the field of BAT visualization and quantification. In addition, 

the FA used in this work also offers the ability for fluorescence imaging. In vitro experiments 

could be carried out without any radiation and the behaviour could be characterized on a 

sub-cellular level. 
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Schedule & Implementation 

In this thesis we developed a new lipid based radiotracer to image BAT and its metabolism. 

We could demonstrate that the radiotracer is taken up by BAT under control conditions and 

that the uptake could be increased significantly after cold exposure. To our knowledge this is 

the first time that radiolabeled TGs were incorporated into lipoprotein-like particles for in vivo 

imaging. We successfully gained information about BATs lipid metabolism under control and 

cold exposed conditions but also under diabetes, obesity and long term cold acclimation. The 

here presented methods can be applied to incorporate other radiolabeled FAs into 

lipoproteins and by that the current generation of FA tracer which are used in the clinic might 

be lifted up to another level because the in vivo situation is mimicked better than with only 

radiolabeled FA. 

More animal experiments have to be performed in the future to gain more information about 

BAT and its metabolic activity. As large scale human experiments are restricted by ethical 

and radiation protection laws we need animals to understand BATs function and translate 

those results to humans.  
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