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Abstract

Objective—Brown adipose tissue (BAT) has been proposed as a potential therapeutic target 

against obesity and its related metabolic conditions. Data from studies in rodents support a 

crosstalk between BAT and other distal tissues. The relation between BAT and peptide hormones 

secreted from the gastrointestinal system (GI) and involved in appetite regulation is not known in 

humans.

Design—We studied 18 men during thermoneutral conditions and mild non-shivering cold 

exposure (CE).

Methods—2-Deoxy-2-(18F) fluoro-D-glucose positron emission tomography-computed 

tomography scans were conducted during mild cold to measure BAT volume. Fasting serum 

concentration of GI-secreted peptides and peptides involved in appetite regulation were measured 

during thermoneutral conditions and mild CE.

Results—During thermoneutral conditions, BAT volume was associated with lower serum 

concentration of leptin (p=0.006), gastric inhibitory polypeptide (p=0.016), and glucagon 

(p=0.048) after adjusting for age and body fat percent. CE significantly decreased serum leptin 
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(p=0.004) and glucagon concentration (p=0.020), while cold-induced BAT activation was 

significantly associated with lower serum ghrelin concentration (p=0.029).

Conclusions—BAT is associated with systemic concentrations of GI-secreted peptides and 

peptides involved in appetite regulation, suggesting a potential cross talk between BAT and the 

entero-pancreatic axis. Further studies are needed to elucidate the potential role of BAT in the 

postprandial levels of appetite-regulating peptides and the putative role of BAT in appetite 

regulation in humans.
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INTRODUCTION

Brown adipose tissue (BAT), a recently rediscovered tissue in humans,1–4 has been proposed 

as a putative target for interventions against obesity and its associated metabolic 

perturbations.5 Thermogenesis via uncoupling protein 1 (UCP1) in response to various 

stimuli (cold, food ingestion, etc.) is considered to be the primary function of BAT,6 while 

more recently BAT has also been proposed to contribute to metabolic regulation via 

alternative non-thermogenic pathways.7 Data from epidemiological studies support that 

higher amounts of BAT are associated with leanness and metabolic health in people,1, 8, 9 

whereas cold-induced BAT activation has been linked to increased energy expenditure, 

accelerated lipid mobilization and oxidation, glucose disposal, and insulin sensitivity.3, 10–15

Data from studies in rodents demonstrate that numerous circulating peptides affect BAT 

metabolic regulation, whereas BAT (sometimes referred to as the intrascapular gland)16 

secretes signaling molecules that may affect metabolic regulation in other tissues.6, 17 

Studies in people have also reported the effect of thyroid hormones,18, 19 beta adrenergic 

agonists,20 glucocorticoids,21 and insulin22 on BAT metabolism, whereas data from rodent 

studies support a link between BAT and peptides secreted from the gastrointestinal system 

(GI) involved in appetite regulation.6, 17, 23 However, the relation between BAT (if any) and 

key peptides involved in energy homeostasis and appetite regulation is not known in 

humans.

To address this, we studied 18 men during thermoneutral conditions and mild cold exposure 

(CE). We hypothesized that BAT would be associated with lower systemic concentrations of 

leptin, ghrelin, and glucagon (peptides linked to impaired BAT function and lower BAT 

levels). Our findings support that, independent of age and adiposity, BAT volume was 

significantly associated with lower serum concentrations of leptin, gastric inhibitory 

polypeptide (GIP), and glucagon during thermoneutrality. When mild CE was used to 

activate BAT thermogenesis, serum leptin and glucagon concentration decreased compared 

to thermoneutral conditions. Moreover, BAT volume was associated with greater suppression 

in serum ghrelin concentration during CE, which was independent of age and adiposity. 

Overall, these results support a link between BAT and key GI and adipose tissue secreted 

peptides involved in appetite regulation and energy homeostasis, suggesting a potential 

endocrine role for BAT in humans.
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SUBJECTS AND METHODS

Subjects

Eighteen men (age 47.6±17.8 years, BMI 29.7±4.9 kg/m2) were enrolled in the study. Table 

1 contains the descriptive characteristics of the participants. Outcomes related to glucose 

metabolism, insulin sensitivity, free fatty acid kinetics, and thermoregulation outcomes have 

been previously reported (NCT01791114).11, 15, 24 Study participants were screened for 

health status, smoking, alcohol or drug use, and recent medication or supplement use. 

Individuals with acute illness or/and major chronic disease were excluded. Informed written 

consent was obtained prior to study enrolment from all participants in accordance with the 

Declaration of Helsinki. The University of Texas Medical Branch (UTMB) Institutional 

Review Board and Institute for Translational Sciences (ITS) Scientific Review Committee 

approved the experimental protocol. The study participants were enrolled from January 2012 

until April 2015.

Experimental protocol

Each participant completed one CE study and one thermoneutral study, two weeks apart. 

Three days before the study, participants were asked to follow a weight-maintaining diet and 

also refrain from excessive physical activity and consumption of alcohol and caffeine. The 

evening before each study, subjects were admitted to the ITS Clinical Research Center at 

UTMB and offered a standardized meal. Subjects fasted and rested in bed overnight, 

wearing standardized clothing (a T-shirt and a pair of shorts). During the CE study, the 

following morning a 6 h individualized CE protocol was employed to induce non-shivering 

thermogenesis as previously described.11 Briefly, during CE, subjects wore garments cooled 

by liquid circulation (Cool Flow® vest and blanket and Arctic Chiller cooling system, Polar 

Products Inc., Stow, OH) and laid supine. The temperatures of the cooling garments and the 

room were initially set at approximately 19–20°C and were decreased until subjects reported 

shivering. Then, cooling garment and ambient temperatures were increased by 1°C and 

adjusted as needed to prevent shivering. During the thermoneutral study, the participants 

wore the same standardized clothing and the ambient room temperature was kept at 25–

27°C.

Positron Emission Tomography/Computerized Tomography (PET/CT)

After 5 h of CE, subjects were given a bolus injection of 185 MBq of 2-deoxy-2-(18F) 

fluoro-D-glucose (18F-FDG). One hour later, a positron emission tomography-computed 

tomography (PET/CT) (General Electric Medical Systems, Milwaukee, WI) scan was 

performed to assess BAT volume (ml) and mean standardized uptake value (SUV; g/ml). We 

assessed the PET/CT scans for 18F-FDG BAT using the following criteria: (a) 18F-FDG 

uptake was evident in the cervical/supraclavicular, mediastinal, paravertebral, and/or 

perirenal areas; (b) 18F-FDG uptake had a mean SUV of 1.5 or greater (an indicator of 18F-

FDG uptake intensity); and (c) the tissue corresponded to the density of adipose tissue on 

CT (−190 to −30 Hounsfield units). The mean SUVs for each identified deposit were 

determined using commercial fusion software (MIM software; MIMvista Corp., Cleveland, 

OH). The volume of 18F-FDG BAT was quantified by auto-contouring each identified 

individual BAT deposit (with a SUV ≥ 1.5).
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Body Composition

We used Dual X-Ray Absorptiometry to evaluate the fat mass and fat free mass of the 

participants (Hologic model QDR-4500W, Hologic Inc., Bedford, MA).

Blood Sample Analysis

Serum leptin [minimum detectable concentration (MinDC): 41 pg/ml], active ghrelin 

(MinDC: 13 pg/ml), gastric inhibitory peptide (GIP) (MinDC: 0.6 pg/ml), active glucagon-

like peptide 1 (GLP1) (MinDC: 1.2 pg/ml), glucagon (MinDC: 13 pg/ml), pancreatic 

polypeptide (PP) (MinDC: 2 pg/ml), and peptide YY (PYY) (MinDC: 28 pg/ml) were 

measured using a multiplex assay (Milliplex, Billerica, MA). For samples with serum 

concentrations below the detectable levels of the assay, the upper limit of the detectable level 

was used in the statistical analysis. Intra-assay and inter-assay coefficients of variation were 

<10% and <15%, respectively. Serum insulin concentrations were measured using 

chemiluminescence (Dxi 600 analyzer; Beckman Coulter, Pasadena, CA) and plasma 

glucose concentrations were measured using an automated glucose analyzer (Yellow Spring 

Instruments, Yellow Springs, OH).

Statistical Analysis

Paired t-tests were used to compare the hormone levels between CE and thermoneutral 

conditions. Univariate and multivariate regression analyses were performed to evaluate the 

association of BAT volume with serum concentrations of the peptide hormones of interest. 

Multivariate linear regression modeled the relation between each outcome and BAT volume, 

while adjusting for the potentially prognostic demographic covariates of body fat percent 

and age. BAT volume was log transformed for better centering and interpretation. The 

statistical analysis was performed using SPSS© statistical software, version 23. All statistical 

tests assumed a 95% level of confidence. Correction for multiple comparisons was not 

performed due to the small sample of the study.

RESULTS

BAT is Associated with Lower Serum Concentrations of Leptin, GIP, and Glucagon during 
Thermoneutrality

We used univariate and multivariate analysis to identify the relation of BAT volume with GI 

and adipocyte-secreted peptides involved in appetite regulation and energy homeostasis 

during thermoneutral conditions (Table 2). By univariate analysis, BAT volume was 

associated with higher serum PYY (p= 0.013) and lower leptin (p<0.001) and insulin 

concentrations (p=0.025). On multivariate analysis, and after adjusting for body fat 

percentage and age, BAT volume was no longer associated with elevated PYY 

concentration, but it was significantly associated with lower serum leptin (p=0.006), GIP 

(p=0.016), and glucagon (p=0.048) concentrations (Figure 1A–C). Serum insulin 

concentration was marginally associated with BAT volume after adjusting for age and 

adiposity (p=0.084).
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Mild CE Decreases Glucagon and Leptin Concentrations

Decreasing ambient temperature has been proposed as a lifestyle intervention against 

metabolic abnormalities. Therefore, we exposed the study participants to mild, non-shivering 

cold and accessed the circulating concentrations of secreted peptides involved in the 

regulation of energy homeostasis and appetite regulation (Table 3). Five hours of CE 

significantly decreased serum leptin (p=0.004) and glucagon (p=0.020) concentrations 

compared to thermoneutral conditions.

BAT Activation by CE is Associated with Decreases in Serum Ghrelin Concentration

Univariate and multivariate analysis were also used to identify the relation between BAT 

volume and change in peptide hormones with CE (Table 4). On univariate analysis, no 

positive or negative associations were found; however, multivariate analysis (after adjusting 

for age and body fat percentage) showed that BAT volume was associated with a greater 

suppression in serum ghrelin concentration with CE compared to thermoneutral conditions 

(p=0.029) (Figure 1D). There was no association between BAT volume and the cold-induced 

change in serum insulin, GIP, glucagon, GLP1, leptin, PYY, or PP concentrations.

DISCUSSION

We report evidence supporting a link between BAT and the systemic concentrations of GI-

tract and adipose-secreted peptides involved in appetite regulation and energy metabolism in 

people. Specifically, BAT volume was associated with lower serum glucagon, leptin, and 

GIP concentrations independent of age and adiposity during thermoneutral conditions. BAT 

volume was also associated with a greater suppression in serum ghrelin concentration with 

CE. Finally, CE was associated with decreased serum concentrations of leptin and glucagon. 

Collectively, these results further define the role of BAT in metabolic regulation by 

suggesting a potential endocrine role of BAT in humans.

Our study is the first to report a link between BAT and, the orexigenic gut hormone,25 

ghrelin in humans. BAT volume was associated with the suppression in serum ghrelin 

concentration with cold; during thermoneutrality BAT was only marginally associated with 

elevated serum ghrelin. These findings might suggest a potential role of BAT activation in 

appetite regulation and a possible interventional target in patients with obesity in whom 

lower fasting ghrelin concentrations26, 27 and a blunted postprandial suppression in systemic 

ghrelin concentration26, 28 are typically seen and thought to contribute to dysregulated 

energy intake. In addition, data from studies in preclinical models also support the link 

between BAT and ghrelin. BAT expresses the growth hormone secretagogue receptor via 

which ghrelin exerts its action in adipocytes,2930 whereas ghrelin has been shown to impair 

BAT function in rodents.23, 31 These results suggest a link between the systemic ghrelin 

concentration and BAT activity in people. Future, mechanistic studies are needed to establish 

link between ghrelin and BAT function in people.

In this study, BAT volume was associated with lower serum GIP concentration during 

thermoneutrality independent of age and adiposity. GIP is another gut-derived hormone,32 

which has been reported to play a role in adipose tissue function in rodents. Elevated GIP 
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levels have been previously associated with obesity,33, 34 but information on their 

relationship to BAT function is sparse. In rodents, cold acclimation increased BAT mass 

relative to body weight and the intestinal concentration of GIP.35 Adipocytes express the 

GIP receptor,36 while GIP has been shown to promote fatty acid synthesis and to inhibit the 

isoprotenol-induced lipolysis.37, 38 Considering the importance of lipolysis for BAT 

thermogenesis,6, 15 it is likely that high fasting serum GIP may promote excessive fat 

accumulation and/or decreased lipolysis in response to the adrenergic stimuli leading to 

impaired BAT metabolic function. Interestingly, we have previously reported that BAT 

volume is associated with greater adipose tissue lipolysis with cold.15 Whether the 

circulating GIP levels mediate the link between BAT and the cold-induced lipolysis remains 

to be determined.

The results of this study also support the relation of BAT with the systemic concentration of 

the adipokine leptin. We found a significant association between BAT and lower serum 

leptin concentration in thermoneutral conditions independent of age and adiposity, and a 

further decrease in serum leptin concentration during CE. Similarly, Lee et al. previously 

reported that cold-acclimated BAT was inversely correlated with cold-induced changes in 

leptin concentrations in young lean adults.10 Additionally, data from studies in preclinical 

models support the relation of BAT with leptin. Namely, CE suppresses leptin production in 

brown adipocytes,39 while BAT atrophy increases leptin secretion.6 Considering the current 

literature on the link of leptin with BAT, our findings suggest that cold-induced BAT 

activation may alleviate “leptin resistance” in participants with overweight/obesity.

Moreover, our results support the relation of BAT with serum glucagon concentration. 

Specifically, we found that lower serum glucagon concentration is associated with higher 

BAT volume during thermoneutrality after adjustment for age and adiposity, and that it 

further decreases during exposure to mild cold. Glucagon plays a major role in the 

regulation of blood glucose concentration by regulating hepatic glucose production.40 

Human studies also support the role of glucagon in appetite regulation.41 Consistent with 

our results, data from studies in rodents have shown that BAT transplantation leads to 

decreased circulating glucagon concentration.42 The mechanisms explaining the link 

between glucagon and BAT are currently unknown.

BAT activation increases energy expenditure3, 14, 24 to produce heat and, thus, BAT has 

attracted significant interest as a target tissue for the treatment of obesity. Interventions that 

increase energy expenditure and induce an isocaloric increase in food intake are unlikely to 

be effective for weight loss. The current evidence on the role of BAT in appetite regulation 

and food intake is unclear. Although CE increases food intake in rodents, the cold exposed 

rodents have significantly lower body weight compared to animals kept in room temperature 

conditions.35 In humans, Lee et al. reported a trend for increased appetite in a small group of 

young lean individuals with CE,10 while Yoneshiro et al. reported that cold acclimation 

increased BAT activity and decreased body fat in healthy adults.43 These results suggest that 

the cold-related increase in food intake may not fully compensate for the increased energy 

expenditure due to thermogenesis. Moreover, numerous peptides that affect appetite also 

affect BAT activity (as previously described), while changes in nutrient availability due to 

BAT activation may affect the appetite.44 Future studies are needed to systematically 
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investigate the role of BAT in appetite regulation and food intake along the potential 

underlying mechanisms.

Here, we report the link of BAT with secreted peptides from the entero-pancreatic axis 

(ghrelin, glucagon, and GIP) and the adipokine leptin. Although these observations are 

cross-sectional and collected from a small sample of participants, they might suggest a 

potential crosstalk between BAT and other tissues regulating energy homeostasis. Further 

mechanistic studies are needed to establish the relation of BAT with the appetite-regulating 

peptides and support the putative role of BAT in appetite regulation and food intake. 

Moreover, the sample of the study consisted of male participants only, and therefore, the 

generalizability of the study results in women remains to be determined.

In conclusion, this study shows that BAT volume is associated with lower serum 

concentration of leptin, GIP, and glucagon after adjusting for age and body fat percent, while 

BAT was significantly associated with a greater suppression in ghrelin serum concentration 

with CE. Finally, non-shivering CE significantly decreased serum leptin and glucagon 

concentrations compared to thermoneutrality. Overall, these results support a link between 

BAT and key GI and adipose tissue secreted peptides involved in appetite regulation and 

energy homeostasis, suggesting a potential endocrine role for BAT in humans. The 

mechanism(s) via which BAT exerts its metabolic effects systematically remain to be fully 

understood. Meanwhile, a cross talk between BAT and other metabolically active tissues 

might partially explain the role of BAT in systemic metabolic regulation.
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Figure 1. Association between BAT volume with the serum concentrations of peptides regulating 
energy homeostasis and appetite
(A–C) Association of BAT volume with the serum concentration of (A) gastric inhibitory 

peptide (GIP) (p=0.016), (B) glucagon (p=0.048), and (C) leptin (p=0.006) adjusted for age 

and body fat percent during thermoneutral conditions. (D) Association of BAT volume with 

the change in serum ghrelin concentration adjusted for age and percent body fat in response 

to cold exposure (p=0.029).
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Table 1

Subject Characteristics.

Parameters Mean ± SD

Age (yrs) 47.6 ± 17.8

BMI (kg/m2) 29.7 ± 4.9

Lean Mass (kg) 61.9 ± 8.3

Body Fat (%) 32.4 ± 9.1

BAT volume (ml) 33.9 ± 43.3

BAT SUVmean (g/ml) 1.67 ± 0.99

Plasma Glucose (mg/dl) 97.8 ± 8.4

Serum Insulin (µU/ml) 8.4 ± 5.7

BMI: body mass index; BAT: brown adipose tissue; SUVmean: mean standardized uptake value.
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Table 2

Association between Brown Adipose Tissue (BAT)Volume withthe Systemic Concentrations of Peptides 

Involved in Energy Homeostasis and Appetite Regulation during Thermoneutrality.

Parameters Univariate
Beta ± St.

Error

p-value Multivariate
Beta ± St. Error

p-value

Ghrelin (pg/ml) 8.3 ± 4.2 0.067 12.2 ± 6.3 0.074

Gastric Inhibitory Polypeptide (pg/ml) −5.9 ± 10.4 0.577 −33.6 ± 12.3 0.016

Glucagon (pg/ml) −5.1 ± 10.3 0.630 −26.7 ± 12.3 0.048

Glucagon-like Peptide 1 (pg/ml) 1.9 ± 4.3 0.674 3.1 ± 6.2 0.545

Leptin (pg/ml) 5748 ± 1204 < 0.001 −4467 ± 1375 0.006

Pancreatic Polypeptide (pg/ml) −6.8 ± 13.1 0.608 2.96 ± 19.90 0.884

Peptide YY (pg/ml) 52.8 ± 18.7 0.013 38.6 ± 28.5 0.200

Insulin (µU/ml) −3.7 ± 1.5 0.025 −4.1 ± 2.1 0.084

For the multivariate regression,the estimates have been adjusted for age and % body fat. BAT volumes have been transformed as log (BAT volume
+1).
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Table 3

Systemic Concentrations of Secreted Peptides Regulating Energy Homeostasis during Thermoneutral (TN) 

and Cold Exposure (CE) Conditions and Their Change Between The Two Conditions.

Parameters TN CE Paired
Change

p-value

Ghrelin (pg/ml) 38.0 ± 42.2 27.7 ± 26.2 −10.3 ± 30.1 0.165

Gastric Inhibitory Polypeptide (pg/ml) 33.0 ± 25.0 35.5 ± 24.1 −2.5 ± 18.4 0.571

Glucagon-like Peptide 1 (pg/ml) 15.6 ± 12.6 17.7 ± 17.2 2.1 ± 10.6 0.420

Glucagon (pg/ml) 42.2 ± 28.3 34.5 ± 26.6 −7.7 ± 12.8 0.020

Leptin (pg/ml) 8379 ± 5153 6580 ± 4289 −1799 ± 2280 0.004

Pancreatic Polypeptide (pg/ml) 67.2 ± 63.9 55.5 ± 44.6 −11.7 ± 62.3 0.436

Peptide YY (pg/ml) 65.4 ± 51.2 55.5 ± 40.6 −10.0 ± 22.9 0.101

Insulin (µU/ml) 5.1 ± 3.8 4.7 ± 2.7 −0.8 ± 2.4 0.359

Data are presented as mean ± standard deviation. Absolute values represent the serum concentrations in the 5 h CE and TN metabolic studies.
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Table 4

Association between Brown Adipose Tissue (BAT) Volume and the Cold-Induced Change in the 

Concentration of Systemic Peptides Regulating Energy Homeostasis and Appetite Regulation.

Parameters Univariate
Beta ± St.

Error

p-value Multivariate
Beta ± St. Error

p-value

Ghrelin (pg/ml) −8.3 ± 9.3 0.381 −28.8 ± 11.9 0.029

Gastric Inhibitory Polypeptide (pg/ml) 2.1 ± 5.7 0.719 5.1 ± 8.8 0.570

Glucagon (pg/ml) −0.2 ± 4.0 0.955 5.0 ± 4.9 0.325

Glucagon-like Peptide 1 (pg/ml) 3.4 ± 3.2 0.308 0.6 ± 6.2 0.927

Leptin (pg/ml) 758 ±694 0.291 1591 ± 978 0.126

Pancreatic Polypeptide (pg/ml) 20.1 ± 19.0 0.307 46.3 ± 25.7 0.093

Peptide YY (pg/ml) −8.3 ± 7.4 0.281 2.2 ± 10.7 0.842

Insulin (µU/ml) −0.7 ± 1.4 0.376 −1.5 ± 2.1 0.478

The estimates have been adjusted for age and % body fat in the multivariate regression.BAT volumes have been transformed as log (BAT volume
+1).
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