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Abstract  

Activating brown adipose tissue (BAT) could provide a potential approach for the treatment of obesity and 

metabolic disease in humans. Obesity is associated with up-regulation of the endocannabinoid system, and 

blocking the cannabinoid type 1 receptor (CB1R) has been shown to cause weight loss and decrease 

cardiometabolic risk factors. These effects may partly be mediated via increased BAT metabolism, since there 

is evidence that CB1R antagonism activates BAT in rodents. To investigate the significance of CB1R in BAT 

function, we quantified the density of CB1R in human and rodent BAT using the positron emission 

tomography (PET) radioligand [18F]FMPEP-d2, and in parallel measured BAT activation with the glucose 

analogue [18F]FDG. Activation by cold exposure markedly increased CB1R density expression and glucose 

uptake in BAT of lean men. Similarly, β3-receptor agonism increased CB1R density expression in BAT of 

rats. In contrast, overweight men with reduced BAT activity exhibited decreased CB1R in BAT, reflecting 

impaired endocannabinoid regulation. Image-guided biopsies confirmed CB1R mRNA expression in human 

BAT. Furthermore, CB1R blockade increased glucose uptake and lipolysis of brown adipocytes. Our results 

highlight that CB1Rs are significant for human BAT activity, and the CB1R provide a novel therapeutic target 

for BAT activation in humans. 

 

Clinical Trials Identifier NCT02941172 

 



Brown adipose tissue (BAT) has emerged as a potential target to combat obesity and metabolic disease in 

humans. Activation of BAT is beneficial for human metabolism at a systemic level, because it increases 

metabolic rate [1] and is associated with increased lipid and glucose disposal [2–5]. BAT can be activated by 

stimulating the sympathetic nervous system with cold exposure or β3-adrenergic receptor (β3-AR) agonists 

[1,6,7]. However, BAT function is also controlled by a number of other factors [8–10], which currently are 

poorly understood and largely unexplored. 

 

The endocannabinoid system (ECS) and specifically the cannabinoid type 1 receptors (CB1R) control lipid 

and glucose metabolism [11]. The ECS consists of a network of receptors, their endogenous lipid ligands, and 

enzymes, which are significant in the brain and many peripheral tissues for modulating complex processes 

including metabolism. Activation of CB1R promotes conservation of energy by increasing food intake and 

inhibiting energy expenditure and thermogenesis, leading to fat mass expansion [12]. Conversely, blockade 

of CB1R has been found to decrease body weight and fat mass, improve glucose homeostasis and insulin 

sensitivity, and decrease cardiometabolic risk factors, making CB1R antagonists potential drugs against 

obesity and diabetes [13]. CB1R antagonist rimonabant (SR141716) was previously in clinical use with strong 

efficacy for weight loss, but was withdrawn due to serious psychiatric adverse effects [14]. Recently, novel 

CB1R antagonists which act strictly peripherally have been found to activate BAT in rodents, inducing 

lipolysis and lipid oxidation, thus improving metabolism [15,16]. Activation of BAT via CB1R antagonism 

without harmful centrally mediated adverse effects could be one way to improve metabolic disease and combat 

obesity in humans [17]. 

 

CB1R physiology and pathology can be studied in vivo using positron emission tomography (PET). The CB1R 

radioligand [18F]FMPEP-d2 has previously been used to quantify the density of CB1R in the human brain [18–

20]. So far, this radioligand has not been used to study CB1R of other tissues in humans. Recently, we have 

shown in rodents that [18F]FMPEP-d2 binds to BAT in vivo, indicating high CB1R density in BAT [21]. There 

is also preclinical evidence that CB1R and endocannabinoids are upregulated in BAT following cold or β3-

AR activation [22]. Here we designed a clinical study aiming to investigate CB1R density in human brown 

fat using [18F]FMPEP-d2-PET imaging in baseline and cold conditions. We also evaluated the effect of obesity 
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on CB1R density in BAT and other tissues including the brain. We found that CB1 receptors expression are 

up-regulated when BAT is metabolically activated by cold, but this response is blunted in overweight subjects. 

CB1R mRNA expression in human BAT was confirmed from image-guided biopsies. In pre-clinical 

pharmacological experiments, CB1R antagonism was shown to increase glucose uptake and lipolysis of brown 

adipocytes.  

 

RESEARCH DESIGN AND METHODS 

Human studies 

Study subjects 

The clinical PET study included 18 healthy males, who were divided to a lean group (n=9) and an overweight 

group (n=9), based on the combination of BMI (lean < 25 kg/m2), waist circumference (lean < 100cm) and 

body fat percentage (lean <20%). The subjects were all Caucasian men, with an average age of 33 years (range 

21-54 years). Subjects were determined healthy by means of clinical examination, blood tests and 

anthropometric measurements. (See Tables 1 and 2). The study protocol was reviewed and approved by the 

Ethics committee of the Hospital District of Southwest Finland and was conducted according to the principles 

of the Declaration of Helsinki. All study subjects provided written informed consent.  

 

Study design 

Each subject was studied on three separate days after an overnight fast of 8-10 hours (Figure 1A-1D). To 

measure CB1R density, dynamic positron emission tomography/computed tomography (PET/CT) 

examinations were performed using the CB1R inverse agonist radioligand [18F]FMPEP-d2, once in room 

temperature conditions (RT) and once during controlled cold exposure. To determine whether the subject had 

metabolically active BAT, a PET/magnetic resonance (PET/MR) study using the glucose analogue [18F]FDG 

was performed during controlled cold exposure. The radioligands [18F]FMPEP-d2 and [18F]FDG were 
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synthesized according to standard operating procedures of the Turku PET Centre as previously described 

[23,24]. 

 

[18F]FDG PET/MR scanning protocol and image analysis 

Glucose uptake of BAT in the neck area was measured during cold exposure after a standardized 2-hour 

cooling protocol with cooling blankets [25] (see Supplemental Material). 148 ± 13 MBq of [18F]FDG was 

injected i.v. and a 40 min dynamic PET scan of the cervical region was performed using a 3T Philips Ingenuity 

TF PET/MR scanner (Philips Health Care, Amsterdam, Netherlands). Eight consecutive modified 2-point 

Dixon sequences (mDixon) were used to provide anatomical reference in the whole body area and for 

calculating signal fat fraction (SFF) maps (see Supplemental Material). Image analysis was performed using 

Carimas 2.9 software (Turku PET Centre, Turku, Finland). BAT regions of interest (ROI) were identified in 

supraclavicular depots of adipose tissue, confirmed with MR SFF maps, and glucose uptake was quantified 

using the Patlak linearization model [26].  

 

[18F]FMPEP-d2 PET/CT scanning protocol and image analysis 

To measure CB1R density in different tissues, areas of the neck, abdomen and brain were scanned using a 

PET/CT scanner (GE Discovery STE16, General Electric Medical Systems, Milwaukee, WI, U.S.A.) once in 

RT and once during standardized cold exposure. 152 ± 12 MBq of [18F]FMPEP-d2 was injected i.v. and 

dynamic scans of the cervical region (60 min), abdominal area (9 min) and the brain (9 min) were conducted. 

CT scans were performed of each region for photon attenuation and anatomical reference. 

 

Carimas 2.9 software was used for image analysis of BAT, WAT and muscle. ROIs of adipose tissue were 

manually drawn on the fused PET/CT images, including only voxels with CT Hounsfield units (HU) within 

the adipose tissue range (-50 - -250 HU) [27]. BAT ROIs were drawn bilaterally in supraclavicular adipose 

tissue depots, subcutaneous and intraperitoneal WAT ROIs in abdominal regions, and muscle ROIs in the 
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trapezius muscle. Regional time-activity-curves (TAC) were calculated from the dynamic images. Details 

about data acquisition, PET image analysis, determination of plasma input, metabolite corrections, modeling 

of the data and brain image analysis (using SPM12 software) are available in the Supplemental Material. 

CB1R density of a tissue can be determined by calculating the volume distribution (VT) or fractional uptake 

rate (FUR) of [18F]FMPEP-d2 from the dynamic PET images. Briefly, volume distribution (VT) was calculated 

from the supraclavicular BAT regions by applying the reversible one-tissue compartmental model, using the 

metabolite corrected plasma TAC as model input [21]. Fractional uptake rate (FUR) was also calculated for 

BAT, WAT, muscle, and brain, in order to quantitatively compare CB1R density between the tissues.  

 

Animal studies 

Sprague Dawley rats (n=39, male, 8-10 weeks old, 228 ± 28g) were bred at the animal facility of the University 

of Turku. All animal experiments were approved by the Regional State Administrative Agency for Southern 

Finland (ESAVI/3899/04.10.07/2013), and animal care complied with the principles of laboratory animal care 

and with guidelines of the International Council of Laboratory Animal Science (ICLAS). The animals were 

housed at 21±3°C, in an atmosphere of humidity 55±15 %, with a light period from 6.00 a.m. to 6.00 p.m. All 

animals had free access to RM1 (E) chow (801002; Special Diets Service, Witham, UK) and tap water. 

 

Pretreatment of animals prior to PET scanning 

The rats were divided into three groups (n=13), each being administered radioligand alone or radioligand 

following 10 min i.v. pre-administration 2 mg/kg of β3-AR agonist CL 316243 (Sigma) or 2 mg/kg of CB1R 

antagonist rimonabant (Sigma). Briefly, CL 316243 was dissolved in 0.9% NaCl prior to injection. 

Rimonabant was dissolved in EtOH (150 µl), and then diluted in biocompatible polar solvent Kleptose (β-

cyclodextrin, Apoteket, Uppsala University Hospital, Uppsala, Sweden) to a final EtOH concentration of 20% 

before injection. 
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[18F]FMPEP-d2 and [18F]FDG PET scanning procedures and image analysis 

Detailed imaging procedures, data acquisition and analysis are described in the Supplemental Material. 

Briefly, each rat was sedated, and anesthesia was maintained throughout the imaging studies. Animals were 

positioned in the PET/CT scanner with the BAT in the center of the field of view. 9.7 ± 2.0 MBq of 

[18F]FMPEP-d2 (corresponding in all cases to <0.1µg/kg) was administered i.v. in the tail vein (n=24, or n=8 

from each treatment group). Each rat was then examined by PET/CT over 120 min. VT of [18F]FMPEP-d2 in 

BAT in each rat was calculated in the PMOD kinetic modeling module (PKIN, PMOD technologies, Zurich, 

Switzerland) using the one-tissue compartment model as previously described [21].  

20.1 ± 1.6 MBq of [18F]FDG was administered i.v. in the tail vein in another group of rats (n=15, or n=5 from 

each treatment group). Each animal was then examined by PET/CT over 60 min. The glucose utilization (in 

µmol/100g/min) in BAT was estimated by fitting the PET data to a [18F]FDG two-tissue compartment model, 

using a lumped constant of 1.3.  

 

Ex vivo organ distribution studies 

After the PET scanning the animals were sacrificed (120 min post [18F]FMPEP-d2 injection (n=24) or 60 min 

post [18F]FDG injection (n=15)). Tissues were excised and measured in an automatic γ-counter (Wizard2, 

PerkinElmer, Finland). Measured radioactivity was corrected for decay, weight of the organ, and background, 

and it was expressed as percentage of the injected dose/gram of tissue (%ID/g). 

 

In vitro studies 

Human BAT biopsies 

Nine out of the eighteen subjects who underwent PET imaging gave additional written consent for acquiring 

BAT biopsies from the supraclavicular neck region (5 lean subjects, 4 overweight subjects). In sterile, 

operating room conditions with an anesthesiologist monitoring the procedure, biopsies of BAT were taken by 

a plastic surgeon through one small skin incision, using local anesthesia. Anatomical location of BAT was 
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pre-determined with [18F]FDG PET/MR images. After removal, samples were immediately snap-frozen into 

liquid nitrogen and stored in -70°C until analysis. 

 

Human cells 

Human multipotent adipose-derived stem cells (hMADS) were obtained from C. Dani and differentiated into 

brown adipocytes as described [28]. Human white adipocytes were obtained from PromoCell and 

differentiated according to manufacturer's instructions. 

 

Cannabinoid receptor expression analysis 

Total RNA was isolated using Trizol (human cells) or NucleoSpin RNA XS (Machery-Nagel; human BAT 

samples). cDNA synthesis was performed with ProtoScript First Strand cDNA Synthesis Kit (NEB) according 

to manufacturer's instructions. Human cannabinoid receptor mRNA expression was analyzed using a ABI 

7900HT fast real time PCR machine with SybrGreen (Roche) and expression was calculated as 2^-dCt relative 

to TATA-box binding protein, TBP. PCR details are described in the Supplemental Material. mRNA of CB1R 

was measured at baseline and after incubation with 1 µM noradrenaline for 16 h.   

 

Lipolysis and glucose uptake assays 

To measure lipolysis, differentiated hMADS were washed twice with lipolysis medium (Life Technologies, 

DMEM21603) supplemented with 2% w/v fatty acid–free BSA (Sigma-Aldrich) followed by incubation with 

lipolysis medium containing 100 nM of each antagonist/inverse agonist (CB1: SR141716A; CB2: SR144528), 

each agonist (CB1: ACEA; CB2: JWH133), and/or 1 µM NA at 37°C and 5% CO2 for four hours. Antagonists 

were added 20 minutes prior to NA treatment. All substances were purchased from Tocris. 50 µl cell culture 

media was collected per well and incubated with 50 µl Free Glycerol Reagent (Sigma-Aldrich) for 5 min at 

37°C. Absorption was measured at 540 nm. Glycerol release was calculated with glycerol standard (Sigma-

Aldrich) and normalized to protein content. To measure glucose uptake, hMADS were differentiated in 12 
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well plates, starved for 16 h, treated with indicated substances (see above) for 20 min and glucose uptake assay 

(Abcam #136955) was performed according to manufacturer’s instructions. Antagonists were added 20 

minutes prior to NA treatment. Experiments were performed with four independent cell cultures.  

 

Statistical methods 

Results are presented as means ± standard deviations (S.D.). Paired two-tailed student t-test (α=0.95) was used 

for assessing differences between baseline and cold conditions within a group, whereas unpaired two-tailed 

student t-test (α=0.95) was used for assessing differences between lean and overweight groups. Similarly the 

unpaired two-tailed student t-test (α=0.95) was used for assessing differences between treatment groups of 

rats and for cell experiments. Pearson’s correlations were used to study associations between [18F]FMPEP-d2 

FUR in human brain and BAT, BAT glucose uptake and UCP-1 expression. Statistical analyses were 

performed using IBM SPSS 23.0 software. 

 

RESULTS  

Cold increases CB1 receptor density in supraclavicular BAT of lean and overweight men 

Compared to baseline conditions, acute cold exposure increased fractional uptake rate (FUR) of the CB1R 

radioligand in supraclavicular BAT by 3-fold in lean subjects (P=0.006, Figure 1E), indicating higher CB1R 

density. Interestingly, overweight subjects exhibited low CB1R density at baseline, which increased during 

cold exposure (P=0.026, Figure 1E), but only reached the baseline levels of lean subjects. Importantly, the 

uptake of [18F]FMPEP-d2 in BAT correlated strongly with the degree of functional BAT activity, as measured 

by its glucose uptake in cold (R=0.89, P<0.001) (Figure 1F). Additionally, cold markedly increased energy 

expenditure in both lean and overweight subjects (Table 2). Volume distribution (VT) and fractional uptake 

rate (FUR) of [18F]FMPEP-d2 are both indices of CB1R density in tissue. BAT VT correlated with BAT FUR 

in room temperature (R=0.80, P<0.001) and cold conditions (R=0.73, P=0.001), hence FUR is a suitable index 

for CB1R density when VT is unavailable. (For details see Supplemental Material.) 
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CB1 receptors are expressed in human BAT  

To verify our imaging findings, we analyzed image-guided BAT biopsies from 9 study subjects, specifically 

studying BAT markers (uncoupling protein-1 (UCP-1), β3-adrenergic receptors) and the type 1 (CB1) and 

type 2 (CB2) cannabinoid receptors. We found that mRNA expression of CB1R was higher compared to that 

of CB2R (P=0.039), but no significant difference was found between lean and overweight subjects (Figure 

1G). mRNA expression of UCP-1 was significantly higher in lean than overweight subjects (P=0.02, Figure 

1I). When biopsy data from lean (n=5) and overweight (n=4) subjects were pooled, UCP-1 mRNA expression 

correlated with BAT [18F]FMPEP-d2 uptake (R=0.73, P=0.027, Figure 1J) as well as glucose uptake in cold 

(R=0.76, P=0.028, Figure 1K).  

 

Overweight and cold exposure cause changes in human brain CB1R density  

The central nervous system is essential in mediating cannabinoid signaling and BAT activation. When we 

quantified the CB1R density of the brain in RT, CB1R density was 23% lower in overweight than in lean 

subjects (Figure 2A-B). Cooling increased CB1R density in the pooled group, (P=0.033), specifically in the 

areas of the midbrain, pons and parietal lobe. Furthermore, a positive correlation was found between 

[18F]FMPEP-d2 uptake in BAT and brain gray matter, in cold conditions (P<0.0005) but not at baseline 

(midbrain region shown in Figures 2D-E). 

 

Overweight decreases CB1 receptor density in white adipose tissue 

In overweight subjects, uptake of [18F]FMPEP-d2 in WAT both subcutaneously and intraperitoneally was 

significantly lower compared to lean subjects, while uptake in muscle was similar in both groups (Figure 2A). 

Interestingly in lean subjects, cold exposure induced a tendency of higher CB1R density in abdominal 

intraperitoneal fat (P=0.07, Figure 2A).  



   

11 

 

 

Pharmacological rodent studies confirmed CB1 receptor specific binding of [18F]FMPEP-d2 

To better understand CB1R physiology and the suitability of this tracer for BAT imaging, we conducted 

further PET studies in rats during pharmacological activation of BAT and blockade of CB1R. Similarly to 

humans, [18F]FMPEP-d2 uptake markedly increased in interscapular BAT following i.v. administration of the 

β3-AR agonist CL 316243 (Figure 3A). This clear increase persisted also when taking possible alterations of 

[18F]FMPEP-d2 metabolism into account by kinetic modeling (Figure 3B). The in vivo activation of BAT by 

CL 316243 was confirmed by increased glucose utilization (Figure 3C), and BAT perfusion (Figure 3D). Pre-

administration of the CB1R antagonist rimonabant inhibited the [18F]FMPEP-d2 uptake in BAT (Figure 3B) 

and brain at basal conditions (P<0.0001), indicating that the uptake was receptor mediated rather than non-

specific. However, CB1R antagonism with an i.v. dose of 2 mg/kg did not significantly alter interscapular 

BAT glucose uptake nor modulate perfusion (Figures 3C, 3D).  

 

Pharmacological characterization of human brown adipocytes 

Receptor mRNA expression analyzed in a human brown adipocyte cell line (hMADS) and primary human 

white adipocytes revealed significantly higher CB1R mRNA expression in brown compared to white 

adipocytes. Noradrenaline (NA) stimulation significantly increased the mRNA expression of CB1R in brown 

adipocytes (BA) but significantly decreased it in white adipocytes (WA). No changes were observed in CB2R 

mRNA expression with NA. (Figures 3E-F).   

 

We further studied the effect of cannabinoid receptor agonism and antagonism on the function of human BA 

in vitro. Pharmacological blockade of CB1R increased glucose uptake, whereas CB1R stimulation, CB2R 

stimulation and CB2R blockade had no effect (Figure 3G). Activation of human BA with NA increased 

glucose uptake, and CB1R antagonism further enhanced this increase (Figure 3G). Again, CB1R or CB2R 

agonism and CB2R antagonism combined with NA had no effect (data not shown). Lipolysis is another 
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hallmark of BA activation, so we analyzed if CB receptors can modulate glycerol release from human BA. 

Blocking the CB1R significantly increased lipolysis while CB1R stimulation had no effect (Figure 3H). CB1R 

blockade after maximal stimulation of BA with NA increased lipolysis, albeit not significantly. Taken 

together, these data show that CB receptors are expressed in human BA and that CB1R blockade can positively 

modulate BA function cell autonomously. 

 

DISCUSSION 

To our knowledge, this is the first study investigating CB1R expression and function in human BAT in vivo. 

Our imaging results show that acute cold exposure markedly increases [18F]FMPEP-d2 binding in 

supraclavicular BAT depots of lean healthy men, indicating increased CB1R density when BAT is activated. 

CB1R mRNA expression in human BAT was also confirmed from image-guided biopsies. A physiological 

increase in receptor density suggests that the endocannabinoid system (ECS) plays a role in the activation of 

human BAT.  

 

Our results are consistent with a previous study in mice showing that stimulation of BAT by cold and β3-AR 

agonism increased endocannabinoid levels in BAT [22]. Moreover, activation of primary brown adipocytes 

induced transcription of Cnr1, the gene encoding the CB1R [22]. CB1R agonism promotes a positive energy 

balance [12], hence with their findings Krott et al. hypothesized a negative feedback mechanism, where 

endocannabinoids, their enzymes and receptors are up-regulated during BAT activation as a potential auto-

regulatory loop to inhibit thermogenesis [22]. In line with this, another recent study measured increased 

plasma endocannabinoid levels of healthy lean men after mild acute cold exposure [29]. This study however 

did not find correlations between human BAT activity and plasma cannabinoids, as here with our dynamic 

and highly sensitive PET imaging methods we show a positive association between CB1R density and glucose 

uptake in human BAT during cold exposure. UCP-1 mRNA expression measured from BAT biopsies was 

also positively associated with CB1R density and glucose uptake in BAT (n=9, pooled lean and overweight 
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subjects). An acute cold stress may stimulate the ECS to provide more CB1R for endocannabinoid binding in 

BAT, in order to inhibit excess energy expenditure and return homeostasis towards a positive energy balance. 

 

Endocannabinoids are produced on demand, acting primarily in the brain, but exerting important regulatory 

effects on metabolism in adipose tissue [30]. During cold exposure, CB1R were also upregulated in the brain, 

specifically in the areas of the midbrain, pons and parietal lobe, which are closely related to the sympathetic 

control of BAT function. Furthermore, CB1R density in the midbrain correlated positively with BAT CB1R 

density in cold, but not warm conditions. These results indicate a relationship between the ECS, the 

sympathetic nervous system (SNS) and BAT. The midbrain region includes the hypothalamus, which is one 

key site for controlling homeostasis and energy expenditure, and where endocannabinoids play a major 

regulatory role [31]. The parietal lobe receives and processes sensory input, including temperature, while the 

pons is a significant signaling route controlling autonomic functions [32]. Temperature is sensed in peripheral 

tissues and information is received and processed in these areas of the central nervous system, after which 

efferent sympathetic outflow in the form of noradrenaline is increased to BAT, resulting in increased 

thermogenesis [6]. Endocannabinoid signaling in the brain and in BAT seem to be up-regulated acutely in 

cold and this may inhibit an excessive thermogenic response [22]. 

 

In overweight subjects, CB1R density in BAT was low and the increase in cold was blunted, merely reaching 

the baseline values of lean subjects, possibly reflecting the generally reduced activity of BAT in overweight 

subjects. However, CB1R density was also significantly lower in abdominal WAT depots and in the brain as 

compared to lean subjects. This suggests a broader down-regulation of the CB1R, signifying the impaired 

regulation of the ECS in overweight subjects, which is in line with previous studies. Excessive activation of 

the ECS is associated with obesity [12], and a negative association between CB1R density in the brain and 

body mass index has been reported previously [19,20]. Obese subjects have increased circulating endogenous 

cannabinoid levels, while mRNA expression of CB1R is lower in the WAT of obese subjects compared to 
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lean subjects [34,35]. Moreover, higher plasma endocannabinoid levels are related with increased abdominal 

adiposity and cardiometabolic risk factors [36,37]. The CB1R antagonist rimonabant resulted in weight loss 

in obese patients [13], demonstrating that blocking the overactive ECS could improve metabolism. These 

findings exhibit the negative feedback loop of the ECS; chronically high amounts of circulating 

endocannabinoids in obesity are associated with fewer CB1R in brain and adipose tissue.  

 

In addition to studying the physiological effects of cold on CB1R signaling in human BAT, we conducted 

pharmacological studies targeting the CB receptors in rodents and in a human brown adipocyte system. There 

is Previous pre-clinical evidence suggests that CB1R blockade enhances BAT function. In mice, CB1R 

antagonists blocked the inhibition of β3-AR leading to increased activation in BAT, lipolysis, and uptake of 

fatty acids from plasma [38]. Moreover, adipocyte specific CB1R deletion results in browning of WAT, the 

promotion of a thermogenic program and an increase in alternatively activated macrophages, which increase 

local NA levels [39]. In human BA, we showed that CB1R antagonism increased glucose uptake and lipolysis, 

but CB1R agonism, CB2R antagonism or CB2R agonism did not have any effect. During increased NA 

availability we also measured increased CB1R mRNA expression in BA, but not in WA. Our results add to 

the existing evidence that, CB1R are significant in regulating brown adipocyte function in a SNS-dependent 

manner.  

 

Interestingly in rats, we did not measure any appreciable increase in glucose utilization in BAT up to 60 

minutes following CB1R antagonist administration, which is in disagreement with previous findings 

[38,40,41]. This discrepancy may be explained by differences in methodology, such as the acute intravenous 

dose given here. Longer-lasting plasma exposure to the CB1R antagonist might be required for inducing a 

recordable increase in glucose utilization in BAT in rat. Unfortunately, the effect of CB1R antagonism in 

humans could not be investigated in this study due to ethical reasons. No CB1R antagonist is currently in 

clinical use for humans and the subjects in this study already received the maximal acceptable annual radiation 
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dose considered safe for healthy volunteers. Future studies need to be done to investigate whether peripheral 

CB1R antagonism with novel compounds could activate BAT in humans.  

 

One limitation of this study is that the data exhibit only short-term changes in the endocannabinoid system 

and BAT, lacking the long-term effects. When combining our data and others [22,29], it seems that acutely, 

BAT can produce endocannabinoids and modulate the density of CB1R available for binding them, in order 

to adapt to changes in sympathetic tone. We speculate that during prolonged cold exposure, Cnr1 mRNA 

expression may increase, but some desensitization of ECS signalling may also occur, similarly to long-term 

changes seen in obesity. Other long-term adaptations such as expansion of BAT volume and activity, and 

browning of white adipose tissue may also effect the response. Cold acclimation studies in humans or repeated 

β3-AR stimulation experiments in rodents are required to understand possible chronic changes and adaptations 

of the ECS and BAT function. 

 

The CB1R PET radioligand [18F]FMPEP-d2 has previously been used for neuropsychiatric brain studies and 

its utilization as a surrogate biomarker for BAT was previously reported in rats [21], but the potential of using 

it to study human BAT physiology has previously been unexplored. Here, in activated BAT of both humans 

and rats, we observed a strong increase in [18F]FMPEP-d2 uptake. Binding was blocked by rimonabant, 

confirming a CB1R mediated mechanism, while non-specific or off-target binding is negligible. In rats, in 

addition to increased CB1R binding, we estimate that an increase in perfusion occurred based on the increase 

in glucose extraction rate. Increased perfusion of BAT is a consequence of increased oxidative metabolism 

[25,42], and while higher perfusion could also result in more radioligand delivery to the target tissue, perfusion 

alone could not explain the 6-fold increase in [18F]FMPEP-d2 binding. Furthermore, we observe active 

retention of the radioligand in BAT throughout the PET scan, in the form of increased volume distribution 

(VT, an index of specific binding). Therefore, the current PET data can be explained by transiently increased 

expression of the CB1 receptor, in response to cold or β3-AR mediated activation in BAT. 
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In conclusion, acute adrenergic activation of BAT increases CB1R expression in BAT in humans and rodents. 

This up-regulation may be a negative feedback response of the endocannabinoid system to inhibit excessive 

energy expenditure and restore homeostasis, and is likely mediated via the central nervous system. In 

overweight subjects, CB1R density in BAT, WAT and the brain was significantly lower compared to lean 

subjects, reflecting impairment of the endogenous cannabinoid system in obesity. We conclude that 

endocannabinoid signaling via the CB1R is significant in the activation and regulation of human BAT, and 

targeting CB1R could provide a prospective way to treat obesity and metabolism.
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Table 1. Characteristics of study subjects. 

 
Anthropometric characteristics Lean Overweight 

Number of participants (males) 9 9 
Age (years) 32 ± 9 34 ± 11 
Weight (kg) 77.6 ± 8.2 106.5 ± 11.1*** 

BMI (kg/m
2
) 24.9 ± 1.7 32.9 ± 4.6*** 

Waist circumference (cm) 83.2 ± 7.1 113.6 ± 10.7*** 
Waist to hip ratio 0.9 ± 0.04 1.0 ± 0.05*** 
Body fat percentage (%) 19.4 ± 3.2 27.6 ± 3.7*** 
Blood pressure systolic (mmHg) 125 ± 8 134 ± 15 
Blood pressure diastolic (mmHg) 76 ± 11 80 ± 9 

Data are mean ± S.D. ***P<0.001, Independent T-Test. 

 

 

Table 2. Fasting plasma biochemistry values of study subjects at the screening visit and before and after cold 

exposure. 

 

    Lean Overweight 

Fasting Biochemistry Normal range Screening Before cooling 
After 

cooling 
Screening Before cooling After cooling 

Glucose (mmol/l) (4 - 6) 5.0 ± 0.6 5.2 ± 0.5 5.2 ± 0.5 5.5 ± 0.5 5.6 ± 0.4 5.3 ± 0.3 
Insulin (mU/l)   6.1 ± 2.4 5.7 ± 1.7 4.2 ± 1.8 12.9 ± 5.8 ## 13.4 ± 9.8 11.3 ± 6.1 

Hb-A1c (% (mmol/mol)) (4-6 (20 – 42)) 
5.0 ± 0.3 

(31.1 ± 3.0) 
    

5.1 ± 0.3 

(31.7 ± 2.6)     
Cholesterol (mmol/l) <5.0 4.2 ± 0.7     4.7 ± 1.2     
HDL (mmol/l) >1.0 1.5 ± 0.4     1.2 ± 0.2 #     
LDL (mmol/l) <3.0 2.3 ± 0.7     3.1 ± 1.0     
TSH (mU/l) (0.3 - 4.2) 1.8 ± 0.8 1.6 ± 0.9 1.4 ± 0.7 1.8 ± 0.4 1.5 ± 0.6 1.2 ± 0.5** 
T3v (pmol/l) (3.1 - 6.8) 4.8 ± 0.4 4.9 ± 0.6 5.2 ± 0.6 5.4 ± 0.6 # 5.2 ± 0.8 5.1 ± 0.7 
T4v (pmol/l) (11 - 22) 16.1 ± 2.3 15.9 ± 2.3 16.4 ± 2.1* 15.2 ± 1.7 15.1 ± 1.8 15.6 ± 1.5 
Triglycerides (mmol/l) (0.45-2.6) 0.7 ± 0.2 0.7 ± 0.3 0.8 ± 0.3** 1.0 ± 0.6 1.0 ± 0.6 1.1 ± 0.6* 
Free fatty acids (mmol/l)     0.4 ± 0.1 0.6 ± 0.1**   0.5 ± 0.2 0.5 ± 0.2 
Lactate (mmol/l) (0.6-2.4)   0.8 ± 0.1 1.1 ± 0.5*   0.9 ± 0.2 1.1 ± 0.5 
Noradrenaline (nmol/l) (0.59 - 3.55)  2.4 ± 1.0 6.4 ± 2.6***  2.6 ± 0.7 5.1 ± 1.9** 

Energy expenditure (kcal/day)   1664 ± 195 1907 ± 293*  2107 ± 202 2305 ± 207* 

Data are mean ± S.D. #P<0.05, ##P<0.01, Independent T-Test comparing screening values of lean and overweight subjects.  
*P<0.05, **P<0.01, ***P=0.001 Paired T-test comparing values within group before and after cold exposure.   
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Figure Legends 

Figure 1. A. Clincial PET study design. Each subject (lean n=9, overweight n=9) participated in imaging 

with [18F]FMPEP-d2 PET/CT in B. room temperature and C. cold conditions, and D. [18F]FDG PET/MRI in 

cold conditions. Coronal PET images from one lean study subject, arrows depict supraclavicular BAT. E. 

Cold exposure increased BAT fractional uptake rate (FUR) of [18F]FMPEP-d2 in cold. Overweight (OW) 

subjects had a blunted cold response in BAT. F. BAT glucose uptake correlated with BAT [18F]FMPEP-d2 

FUR in cold conditions. G. Image-guided human BAT biopsies (lean n=5, overweight n=4) confirmed 

cannabinoid receptor (CB) mRNA expression in BAT. CB1 mRNA expression was higher than CB2 mRNA 

expression. H-I. β3-adrenoreceptor and UCP1 mRNA expression in human BAT. J. Pearson’s correlation 

between UCP1 mRNA expression in BAT and [18F]FMPEP-d2 FUR in BAT (n=9) and K. glucose uptake in 

BAT (n=8). Data pooled from lean (white triangle) and overweight (black circle) subjects. *P<0.05, 

**P<0.01. 

Figure 2. A. [18F]FMPEP-d2 uptake at baseline conditions and during cold exposure of lean and overweight 

subjects in BAT, subcutaneous white adipose tissue (SC WAT), intraperitoneal white adipose tissue (IP 

WAT), muscle and brain gray matter. *Indicates paired t-test between baseline and cold conditions *P<0.05, 

**P<0.01, (*)P=0.07. ¤ Indicates independent t-test between lean and overweight groups ¤P<0.05, 

¤¤P<0.01. B. Pearson’s correlation between BMI and [18F]FMPEP-d2 uptake in cold of lean (triangle) and 

overweight (circle) subjects. C. PET brain images depicting fractional uptake rate (FUR) of [18F]FMPEP-d2 

of one lean and one overweight subject at baseline and cold conditions. D-E. Pearson’s correlation between 

[18F]FMPEP-d2 FUR values of BAT and the midbrain region of interest in cold and baseline conditions, 

pooled lean and overweight subjects. 

Figure 3.A-D. Pharmacological intervention in rodent BAT. A. Dynamic uptake of [18F]FMPEP-d2 into 

BAT over time. B. Volume distribution (VT) values of [18F]FMPEP-d2 uptake and retention in BAT 

calculated from dynamic PET data, with image-derived arterial, metabolite corrected input. C. Effect on 

glucose uptake into BAT. D. Modulation of perfusion based on the [18F]FDG extraction parameter K1, 

derived from kinetic modeling of [18F]FDG PET data. β3-AR agonist CL 316243 (blue), CB1-receptor 

antagonist rimonabant (red), basal physiology (black). E. mRNA expression of CB1 and CB2 receptors in 

human brown adipocytes (BA) and F. white adipocytes (WA). Noradrenaline (NA; 1 µM) stimulation for 16 

h increases CB1 mRNA expression in BA but not in WA. Cannabinoid type 1 receptor (CB1), cannabinoid 

type 2 receptor (CB2). G. Glucose uptake and H. glycerol release in a human brown adipocyte cell line 

(hMADS) during pharmacological intervention with CB1 receptor antagonist, CB1 receptor agonist, CB2 

receptor antagonist and CB2 receptor agonist, combined with noradrenaline (NA; 1 µM). *P<0.05, 

**P<0.01, ***P<0.001, ****P<0.0001. NS = non-significant. 
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