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Abstract

Recent studies suggest that brown adipose tissue (BAT) plays a role in energy and glucose 

metabolism in humans. However, the physiological significance of human BAT in lipid 

metabolism remains unknown. We studied 16 overweight/obese men during prolonged, non-

shivering cold and thermoneutral conditions using stable isotopic tracer methodologies in 

conjunction with hyperinsulinemic-euglycemic clamps and BAT and white adipose tissue (WAT) 

biopsies. BAT volume was significantly associated with increased whole-body lipolysis, 

triglyceride-free fatty acid (FFA) cycling, FFA oxidation, and adipose tissue insulin sensitivity. 

Functional analysis of BAT and WAT demonstrated the greater thermogenic capacity of BAT 

compared to WAT, while molecular analysis revealed a cold-induced upregulation of genes 

involved in lipid metabolism only in BAT. The accelerated mobilization and oxidation of lipids 

upon BAT activation supports a putative role for BAT in the regulation of lipid metabolism in 

humans.

Graphical abstract

INTRODUCTION

Mitochondrial proton leaks account for ~20% of energy expenditure (Rolfe and Brown, 

1997). Manipulating this component of metabolic rate may be a means of treating obesity 

and its related metabolic consequences. Brown adipose tissue (BAT), a recently rediscovered 
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tissue in adults (Cypess et al., 2009; Nedergaard et al., 2007; van Marken Lichtenbelt et al., 

2009; Virtanen et al., 2009), is considered the principal tissue responsible for adaptive 

thermogenesis during non-shivering cold exposure (CE) (Cannon and Nedergaard, 2004) 

and thus represents a target for strategies aimed at augmenting metabolic rate. In rodents, 

BAT can effectively extract significant amounts of triglycerides (TG) from the circulation, 

lending credence to the notion that BAT may protect from hyperlipidemia (Bartelt et al., 

2011; Berbée et al., 2015).

Although rodent studies strongly support a role for BAT in lipid metabolism, the 

significance of BAT in regulation of lipid metabolism in humans remains unknown. Acute (2 

hr) CE stimulates the uptake of plasma FFA into human BAT (Ouellet et al., 2012) (<1% 

total FFA turnover rate), suggesting a negligible role for BAT in lipid clearance in humans. 

Moreover, we previously reported that individuals with high amounts of BAT have higher 

FFA oxidation during cold compared to individuals with no/minimal BAT (Chondronikola et 

al., 2014). Additionally, BAT activity was recently shown to correlate with cold-induced 

lipolysis in young, lean adults (Blondin et al., 2015). Although these results imply that 

human BAT may be involved in lipid homeostasis, evidence directly supporting a role for 

BAT in lipid mobilization and clearance in humans is currently lacking.

Numerous important questions pertaining to the role of BAT in lipid metabolism in humans 

remain unanswered. The purpose of this study was to determine if there is a physiologically 

significant role of BAT activation on whole-body lipid metabolism in humans. We studied 

overweight/obese men during prolonged, mild CE and thermoneutral (TN) conditions using 

stable isotopic tracers in conjunction with hyperinsulinemic-euglycemic clamps and adipose 

tissue biopsies. Our results support the notion that BAT volume is associated with increased 

whole-body FFA turnover and oxidation, and adipose tissue insulin sensitivity. Functional 

and molecular analyses of tissue samples further support the role of BAT in lipid 

mobilization and clearance in humans. Our data support a physiologically significant role for 

BAT in lipid metabolism in humans.

RESULTS AND DISCUSSION

Participants and Cold-Induced BAT Activation

16 men (Table 1) were studied during prolonged non-shivering CE (room temperature 

19.9°C ± 0.8°C, cooling garment temperature 18.2°C ± 2.1°C) and TN (room temperature 

26.2°C ± 1.2°C) conditions. Results from animal studies indicate that activated BAT initially 

consumes intracellular substrates, but following prolonged activation, BAT relies on 

circulating substrates for thermogenesis (Cannon and Nedergaard, 2004). Therefore, a 

prolonged non-shivering (5–8 hr) CE protocol was used to stimulate BAT. CE significantly 

increased metabolic activity (measured as the mean standardized uptake value [SUV] for 2-

Deoxy-2-[18F]fluoroglucose [18F-FDG] using positron emission tomography/computed 

tomography [PET/CT]) in BAT only (p = 0.003). No significant changes were noted in 

muscle (m. pectoralis, m. vastus lateralis), subcutaneous and visceral adipose tissue, or liver 

metabolic activity as measured using the mean SUV for 18F-FDG (Figure 1A). Moreover, 

CE significantly increased tissue radiodensity, an index of intercellular lipid use, only in 

BAT (p = 0.01, Figure 1B). These data suggest that CE triggered the use of the BAT 
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intracellular TG for thermogenesis, in agreement with the findings of others (Ouellet et al., 

2012).

Cold-Induced BAT Activation Is Associated with Increased Lipid Mobilization and 
Oxidative Disposal

FFA constitute the primary substrate for BAT (Cannon and Nedergaard, 2004), while the 

regulatory role of BAT in systemic lipid clearance has been established in rodents (Bartelt et 

al., 2011; Berbée et al., 2015). To assess the effect of BAT activation on lipid kinetics in 

humans, we infused stable isotope tracers during non-shivering CE and TN conditions 

(Figure S1). BAT volume was significantly correlated with the cold-induced change in 

whole-body FFA oxidation (r = 0.70, p = 0.005; Figure 1C), whole-body lipolysis (expressed 

as glycerol rate of appearance [Ra] r = 0.54, p = 0.03 and FFA Ra r = 0.64, p = 0.008; 

Figures 1D and 1E), and TG-FFA cycling (r = 0.64, p = 0.01; Figure 1F), suggesting a 

potential role for BAT in whole-body lipid metabolism. No association was observed 

between the aforementioned outcomes with the mean SUV in muscle (Table S1), which 

others propose as a proxy of muscle shivering activity (Blondin et al., 2014).

BAT activity has been found to be inversely associated with aging (Cypess et al., 2009; 

Yoneshiro et al., 2011) and adiposity (Saito et al., 2009; van Marken Lichtenbelt et al., 

2009). To account for potential confounding, we performed multiple linear regression 

analysis adjusting for age and adiposity (Table 2). After adjustment for age and adiposity, 

BAT volume was significantly associated with an increase in whole-body FFA oxidation (p 

= 0.0036), adipose tissue lipolysis (p = 0.033), and TG-FFA cycling (p = 0.006). 

Collectively, these results indicate that cold-stimulated BAT may directly or indirectly 

trigger lipid mobilization from adipose tissue to provide adequate substrate for BAT 

mitochondria. Our results suggest that 1 ml of detectable BAT is associated with a 0.03 

μmol/kg/min increase in FFA oxidation. During periods of negative energy balance (e.g., 

cold-induced BAT activation), increased sympathetic tone promotes lipolysis, thereby 

increasing FFA availability (Bartness et al., 2010). Lipolysis can stimulate thermogenesis in 

BAT since FFA activates uncoupling protein 1 [UCP1]) (Cannon and Nedergaard, 2004) 

while providing BAT mitochondria with fuel (Ma and Foster, 1986). In addition, increased 

TG-FFA cycling can further enhance the net flux of FFA (i.e., increased FFA availability) to 

meet the increased requirements of thermogenesis (Wolfe, 1990).

Plasma Lipid and Lipoprotein Concentrations in Cold and Thermoneutral Conditions

The changes noted in lipid kinetics were also reflected in the concentration of plasma lipids. 

5 hr of exposure to cold increased plasma FFA (0.2 μmol/ml, 95% confidence interval [CI]: 

0.1 to 0.3, p = 0.005) and glycerol concentration (0.024 μmol/ml, 95% CI: 0.005 to 0.043, p 

= 0.01) compared to the TN conditions (Table S2). No differences were noted in the plasma 

concentration of TG or the various cholesterol subclasses and lipoprotein particles. 

Interestingly, the day after the CE study, participants demonstrated decreased plasma 

concentrations of fasting TG (−28 mg/dl, 95% CI: −49 to −8, p = 0.01) and very low-density 

lipoprotein cholesterol (−5.6 mg/dl, 95% CI: −9.6 to −1.6, p = 0.01) compared to TN 

conditions (Table S3), indicating that, similar to exercise (Tsekouras et al., 2008), CE results 

in long-term alterations in lipid metabolism.
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Cold-Induced BAT Activation and Adipose Tissue Insulin Sensitivity

BAT activation has been linked to improved whole-body insulin sensitivity in humans 

(Chondronikola et al., 2014; Lee et al., 2014). Insulin controls numerous processes in 

different tissues; therefore, changes in insulin sensitivity represent altered responsiveness to 

the action of insulin in various metabolic pathways (Kahn, 1978). In rodents, BAT 

transplantation increases WAT insulin sensitivity (Stanford et al., 2013), while cold 

acclimation has been reported to increase BAT activity and decrease fasting plasma FFA 

concentrations (an indirect measure of insulin sensitivity) in humans (Hanssen et al., 2015). 

These results indicated a potential link between BAT and adipose tissue insulin sensitivity.

To assess the relation of cold-induced BAT activation with adipose tissue insulin sensitivity, 

we performed infusion of U-13C palmitate in conjunction with a hyperinsulinemic-

euglycemic clamp. Adipose tissue insulin sensitivity was measured as the insulin-mediated 

suppression of lipolysis (Conte et al., 2012; Fabbrini et al., 2012). According to our results, 

adipose tissue insulin sensitivity was significantly associated with BAT volume (p = 0.05; 

Figure 1G and Table 2). After adjustment for age and adiposity, the relationship of BAT 

volume with adipose tissue insulin sensitivity did not remain significant. Nevertheless, the 

cold-induced change in free triodothyronine (r = 0.69, p = 0.03) and leptin (r = 0.67, p = 

0.03) levels correlated positively with the change in adipose tissue insulin sensitivity. 

Thyroid hormones and leptin can improve insulin sensitivity (Lin et al., 2002; Lin and Sun, 

2011; Petersen et al., 2002; Sivitz et al., 1997), and they have been linked with increased 

BAT activity (Chondronikola et al., 2014; Collins et al., 1996). These results suggest that 

BAT activation may (directly or indirectly) abolish the negative effect of cold-induced 

increase in catecholamines in adipose tissue insulin sensitivity (Mullins et al., 2014).

Functional and Molecular Characterization of BAT

While the nature of human studies limits our ability to perform in-depth mechanistic 

experiments, we performed molecular and ex vivo functional characterization of 

supraclavicular and abdominal subcutaneous adipose tissues collected from a subset of the 

study participants.

Supraclavicular BAT had a 45-fold higher leak respiration rate compared with the abdominal 

WAT during basal conditions (p = 0.03) (Figure 2A). These results demonstrate that, per unit 

of tissue, human BAT has a significantly higher capacity for heat production compared to 

WAT, a finding that is likely explained by greater mitochondrial volume density in BAT. 

Purine nucleotides (i.e., GDP, GTP, ADP, and ATP) can inhibit the thermogenic function of 

UCP1 (Matthias et al., 2000). Therefore, we calculated the respiratory control ratio (RCR) 

for ADP in WAT and BAT samples as an index of the presence of uncoupled mitochondria 

with functional UCP1. RCR was significantly lower in supraclavicular BAT compared to 

WAT samples (p = 0.001), indicating qualitative differences in WAT and BAT mitochondria. 

Indeed, the RCR in BAT was below 1, indicating that ADP inhibited respiration, providing 

evidence of functional UCP1 (Figure 2B).

To gain further insight regarding the mechanisms of accelerated lipid metabolism in relation 

to the cold-activated BAT, we performed molecular characterization of supraclavicular and 
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subcutaneous abdominal adipose tissue samples collected during CE and TN conditions. As 

predicted by animal studies on bona fide BAT (Bartelt et al., 2011), CE increased the 

expression of UCP1 (p = 0.02), cluster differentiation factor 36 (CD36, p = 0.02), and 

lipoprotein lipase (LPL, p = 0.008) (Figure 2C) in supraclavicular adipose tissue samples. 

No significant changes were noted in the expression of the same genes in subcutaneous 

abdominal adipose tissue samples after CE (Figure 2D). These results further support the 

notion that acute CE induces transcriptional events in BAT to facilitate lipoprotein 

breakdown, fatty acid uptake, and oxidation to accommodate the high oxidative substrate 

demand for UCP1 thermogenesis.

To further analyze the molecular changes in the BAT in response to CE, we analyzed gene 

expression profiles of the BAT and subcutaneous WAT of Subjects 1 and 2 during TN and 

CE. Consistent with the above observations, expression of a large number of genes involved 

in fatty acid/lipid metabolism, including carnitine-palmitoyltransferase 1B (CPT1B), 

diacylglycerol acyltransferase 1 and 2 (DGAT1/2), and solute carrier family 25 carnitine-

acylcarnitine translocase member 20 (SLC25A20), were significantly upregulated in the 

BAT from Subject 2 during CE. The upregulation in the lipid metabolism genes during CE 

was selective to BAT, since no significant difference was found when compared to WAT 

(Figure 2E). In the BAT and WAT of Subject 1, we observed no statistically significant 

changes in these genes in response to cold (data not shown) due to the fact that the 

supraclavicular biopsy sample from the Subject 1 contained largely white adipocytes. In 

fact, we did not observe any statistically significant enrichment in the expression of UCP1 
and cell death activator (CIDEA) between the BAT and WAT of Subject 1.

Collectively, the functional and molecular analyses of BAT and WAT samples further 

support the significance of human BAT in lipid metabolism due to the high thermogenic 

capacity of BAT mitochondria and the acute upregulation of genes involved in lipid 

metabolism following CE.

Conclusions

This study suggests that BAT plays a significant role in systemic lipid metabolism in 

humans. Although performing mechanistic studies in human is not trivial, the use of state-

of-the-art metabolic techniques in vivo along with molecular and functional analyses of 

supraclavicular BAT and WAT samples allow us to provide physiologically relevant evidence 

supporting a role for BAT in lipid metabolism in humans. BAT activation appears to promote 

increased lipid mobilization from peripheral stores and oxidative disposal, presumably to 

accommodate the increased fuel needs of thermogenic UCP1-positive BAT mitochondria. 

Further research is needed to establish the effect of BAT in TG and lipoprotein metabolism 

and the therapeutic potential of the “browning” of the more abundant WAT on lipid 

metabolism in humans.

Chondronikola et al. Page 6

Cell Metab. Author manuscript; available in PMC 2017 June 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



EXPERIMENTAL PROCEDURES

Subjects

16 overweight/obese males participated in this study. For a subset of the participants, the 

results on the relation of BAT with glucose and energy metabolism have been previously 

published (Chondronikola et al., 2014). Informed written consent was obtained prior to 

inclusion in the study from all participants in accordance with the Declaration of Helsinki. 

The Institutional Review Board and the Institute for Translational Science-Clinical Research 

Center (ITS-CRC) Scientific Review Committee at the University of Texas Medical Branch 

(UTMB) approved the experimental protocol.

Experimental Protocol

For the CE trial, subjects followed an individualized non-shivering CE protocol. The two 

trials were performed ~2 weeks apart. The CE trial was performed first to determine the 

anatomical location of BAT. After 5 hr of CE or TN conditions, 185 MBq of 18F-FDG was 

administered to the subjects as a bolus. 1 hr later, a PET/CT (General Electric Medical 

Systems) scan was performed to assess BAT volume and activity. For three participants, 

PET/CT imaging was conducted only in CE conditions.

Subjects followed a weight-maintaining diet and refrained from physical activity and alcohol 

or caffeine consumption for 3 days before each study. The evening before the study, subjects 

were admitted to the ITS-CRC, where they were fed a standardized evening meal prior to an 

overnight fast. During CE and TN studies, subjects remained fasted and rested in bed. 

Subjects wore standardized clothing (T-shirt and shorts).

At the third hour of the study, we collected a blood and a breath sample to determine 

background enrichment and administered the following tracers (Cambridge Isotope 

Laboratories) through a catheter in a forearm vein: (a) a constant 2 hr infusion of potassium 

[U-13C16] palmitate (0.02 μmol/kg/min) to assess FFA kinetics, (b) a primed (18 μmol/kg), 

constant (0.12 μmol/kg/min) 2 hr infusion of [1,1,2,3,3-2H5] glycerol to assess whole-body 

lipolysis, and (c) a bolus of 13C sodium bicarbonate (55 μmol/kg dissolved in 0.9% NaCl 

solution) to prime the bicarbonate pool, thereby achieving a steady state in breath CO2 

enrichment within 2 hr. Arterialized blood samples were obtained at 1 hr 50 min, 1 hr 55 

min, and 2 hr of the infusion period to determine isotopic enrichments of glycerol and 

palmitate, as well as to measure plasma substrate concentrations. Additional breath samples 

were collected at 1 hr 30 min, 1 hr 45 min, 1 hr 50 min, 1 hr 55 min, and 2 hr to measure 

breath CO2 enrichment. The same stable isotope infusion regimen including only infusion of 

[U-13C16] palmitate was repeated during a hyperinsulinemic-euglycemic clamp (insulin 

infusion rate of 20 mU/m2/min) during the last 2 hr of each trial (performed after the 

PET/CT scan). For three subjects, the insulin clamp procedure was not completed due to 

failure of the retrograde catheter.

The day after each metabolic study (~14 hr following completion of the study), the 13 

participants returned to the ITS-CRC for a fasting blood draw. Participants were instructed 

to keep their food intake constant the evening after the end of each metabolic study.
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Statistical Analysis

All results are presented as means ± SD. Differences between CE and TN trials were 

evaluated using paired t tests for normally distributed data, while differences for non-

normally distributed data were evaluated using Wilcoxon’s matched pairs signed rank test. 

Differences in tissue oxygen consumption rates were evaluated using Student’s t test. 

Pearson’s r was used to evaluate the correlation between the different outcomes of interest. 

Multiple regression analysis was performed to assess the relation of BAT volume with the 

metabolic outcomes of interest after adjusting for age and adiposity. Statistical analyses were 

performed using GraphPad v.5 for Mac OS X and SPSS for Mac (IBM). All statistical tests 

assumed a 95% level of confidence.

Additional Methods

Sections describing the tissue sampling, cooling protocol, indirect calorimetry, analyses of 

blood samples to measure FFA and glycerol enrichments and concentrations of metabolites 

and hormones, calculations to determine lipid kinetics, body composition analysis, 

mitochondrial respirometry, and gene expression and transcriptomics analyses can be found 

in the Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• BAT activation is associated with accelerated lipid metabolism

• Cold induced the expression of genes involved in lipid metabolism in 

BAT

• BAT mitochondrial thermogenesis is 45-fold greater than that ofWAT

• Cold leads to a delayed decrease in TG and VLDL levels
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In Brief

Chondronikola et al. explore the role of BAT in lipid metabolism in humans and show 

that cold-induced BAT activation is associated with increased whole-body lipolysis, 

triglyceride-free fatty acid (FFA) cycling, FFA oxidation, and adipose tissue insulin 

sensitivity. Cold upregulates the expression of genes involved in lipid metabolism 

specifically in BAT.
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Figure 1. Brown Adipose Tissue Activation and Lipid Kinetics
(A) Mean standardized disposal value (SUV) for 2-Deoxy-2-[18F]fluoroglucose glucose of 

various tissues during cold exposure (CE) and thermoneutral (TN) conditions (n = 13–16). 

SQAT, subcutaneous adipose tissue; VAT, visceral adipose tissue. Data presented are mean 

and SD. **p = 0.003 using Wilcoxon’s matched pairs signed rank test.

(B) Mean radiodensity of various tissues during CE and TN conditions (n = 13–16). SQAT, 

subcutaneous adipose tissue; VAT, visceral adipose tissue. Data presented are mean and SD. 

*p = 0.01 using Wilcoxon’s matched pairs signed rank test.

(C) Correlation of BAT volume with the cold-induced change in whole-body free fatty acid 

(FFA) oxidation. Indirect calorimetry was completed in 14 participants. The dashed lines 

represent 95% confidence intervals. p = 0.005 using Pearson’s r.

(D and E) Correlation of BAT volume with the cold-induced change in the whole-body 

lipolysis rate presented as FFA rate of appearance (Ra) (D) and glycerol Ra (n = 16) (E). The 

dashed lines represent 95% confidence intervals. p = 0.008 for FFA Ra and p = 0.03 for 

glycerol Ra using Pearson’s r.

(F) Correlation of BAT volume with the cold-induced change in total triglyceride (TG)-FFA 

cycling (n = 14). Indirect calorimetry was completed in 14 participants. The dashed lines 

represent 95% confidence intervals. p = 0.01 using Pearson’s r.

(G) Correlation of BAT volume with the cold-induced change in adipose tissue insulin 

sensitivity (estimated as percent suppression in Ra [Palm Ra] with insulin). The insulin 

clamp procedure was completed in 13 participants. The dashed lines represent 95% 

confidence intervals. p = 0.01 using Pearson’s r.

See also Tables S1–S3 and Figure S1.
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Figure 2. Functional and Molecular Analysis of Supraclavicular and Abdominal Subcutaneous 
Adipose Tissue Samples
(A) Oxygen consumption rates in supraclavicular brown adipose tissue (BAT) (n = 4) and 

subcutaneous abdominal (n = 4) adipose tissue samples from the same participants, collected 

during cold exposure (CE). Supraclavicular samples with significant amounts of uncoupling 

protein 1 (UCP1)-positive adipocytes were determined by the suppression of leak respiration 

upon addition of purine nucleotides. Leak respiration (basal) with sample alone is reported 

followed by leak respiration with complex I substrates but no ADP (State 2), followed by 

phosphorylating respiration with complex I substrates and saturating (5 mM) ADP (State 3). 

Data presented are means and SD; *p < 0.05 using Student’s t test.

(B) Respiratory control ratio (State 3 to State 2 respiration) was calculated as an index of 

uncoupled mitochondria in supraclavicular BAT (n = 4) and abdominal subcutaneous (n = 4) 

adipose tissue samples. Data are means and SD. **p = 0.001 using Student’s t test.

(C and D) Relative mRNA expression in supraclavicular (n = 8) (C) and subcutaneous 

abdominal adipose tissue (n = 8) (D) of uncoupling protein 1 (UCP1) and genes regulating 

lipid metabolism in BAT lipoprotein lipase (LPL), and cluster of differentiation 36 (CD36) 
in CE and thermoneutral (TN) conditions. *p = 0.02 and **p = 0.008 by Wilcoxon rank test.

(E) Expression profiles of genes involved in fatty acid/lipid metabolism in the BAT and WAT 

depots from Subject 2 during CE and TN conditions. The color scale shows z-scored 

fragments per kilobase of transcript per million mapped reads representing the mRNA level 

of each gene in blue-white-red scheme (blue, low expression; red, high expression). 

HMGCS2, 3-hydroxy-3-methylglutaryl-CoA synthase 2; ACADVL1, acyl-CoA 

dehydrogenase very long chain; ECHS1, enoyl CoA hydratase short chain 1; DGAT1/2, 

diacylglycerol acyltransferase 1 and 2; SLC25A20, solute carrier family 25 carnitine/

acylcarnitine translocase member 20; HADHB, hydroxyacyl-CoA dehydrogenase/3-

ketoacyl-CoA thiolase/rnoyl-CoA hydratase beta subunit; ECI1, enoyl-CoA delta isomerase 

1; CPT1B, carnitine-palmitoyltransferase 1B; AGPAT3, 1-acylglycerol-3-phosphate O-

acyltransferase 3; PPARA, peroxisome proliferator-activated receptor alpha; ACLY, ATP 

citrate lyase; DECR1, 2,4-dienoyl CoA reductase 1; GK, glycerol kinase; ACADM, acyl-

CoA dehydrogenase C-4 to C-12 straight chain; BDH1, 3-hydroxybutyrate dehydrogenase 

type 1; DLD, dihydrolipoamide dehydrogenase; ACAA2, acetyl-CoA acyltransferase 2.
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See also Figure S2.
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Table 1

Subjects’ Characteristics

Age (years) 47.8 ± 16.2

BMI (kg/m2) 30.3 ± 2.1

BSA (m2) 2.1 ± 0.2

Lean mass (kg) 62.0 ± 8.5

Body fat (%) 33.2 ± 8.1

BAT volume (ml) 40.3 ± 45.1

BAT mean SUV (g/ml) 1.9 ± 0.8

Data presented are mean and SD (n = 16). BMI, body mass index; BSA, body surface area; BAT, brown adipose tissue; SUV, standardized uptake 
value.
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Table 2

Multivariate Linear Regression Analysis

Independent Predictors

Univariate Analysis Multivariate Analysis

Beta Coefficient Standard Error St. Beta p Value Beta Coefficient Standard Error St. Beta p Value

Dependent Variable: Cold-Induced Change in Whole-Body FFA Oxidation

BAT volume (ml) 0.027 0.0008 0.703 0.005 0.028 0.011 0.727 0.036

Age (years) −0.032 0.0029 −3.04 0.290 −0.031 0.034 0.323 0.301

Body fat (%) −0.121 0.055 −0.539 0.047 −0.060 0.070 −0.265 0.415

Dependent Variable: Cold-Induced Change in Whole-Body Lipolysis
a

BAT volume (ml) 0.039 0.013 0.643 0.010 0.050 0.020 0.820 0.033

Age (years) −0.038 0.038 −0.266 0.338 0.004 0.041 0.028 0.925

Body fat (%) −0.103 0.073 −0.365 0.181 0.063 0.103 0.222 0.554

Dependent Variable: Cold-Induced Change in Total TG-FFA Cycling

BAT volume (ml) 0.095 0.033 0.630 0.014 0.159 0.045 1.062 0.006

Age (years) −0.106 0.098 −0.297 0.302 −0.055 0.092 −0.594 0.565

Body fat (%) −0.133 0.198 −0.191 0.512 0.479 0.226 0.686 0.061

Dependent Variable: Cold-Induced Change in Adipose Tissue Insulin Sensitivity
b

BAT volume (ml) 0.523 0.240 0.550 0.052 0.258 0.364 0.271 0.496

Age (years) −1.105 0.681 −0.439 0.134 −0.068 0.929 −0.027 0.944

Body fat (%) −2.656 1.124 −0.580 0.038 −1.686 1.955 −0.368 0.411

FFA, free fatty acid; BAT, brown adipose tissue; TG, triglyceride.

a
Expressed as glycerol rate of appearance.

b
Adipose tissue insulin sensitivity was calculated as the percent suppression in palmitate rate of appearance with insulin.
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