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lated by the sympathetic nervous system in response to low 
ambient temperature. BAT activity and mass in relation to 
body mass are exceptionally high in small mammals (1) as 
well as in newborn humans (2, 3) but were, until recently, 
believed to be negligible in adults. However, some years 
ago, studies measuring glucose uptake by positron emis-
sion tomography-computer tomography (PET-CT), a 
technique commonly used for identification of tumor me-
tastases, detected BAT as distinct regions of high glucose 
uptake in adult humans exposed to cold temperatures (4–
8). Histological and expression analysis confirmed that 
these foci indeed represent BAT (9, 10).

Due to its high oxidative capacity, activated BAT has pro-
found metabolic effects and can reduce blood triglycerides 
(11) and cholesterol (12) as well as glucose levels (13). In 
the context of cardiometabolic diseases, BAT activation fa-
vorably affects atherosclerosis (12), lipoprotein remodel-
ing (14), and cholesterol metabolism (15) in mice. In 
humans it has been shown that cold exposure decreases 
body weight (16, 17), and several PET-CT studies reported 
an inverse relationship between detectable BAT volume 
and incidence of obesity/type 2 diabetes (4, 5, 17–23). 
Thus, BAT mass, as measured by uptake of labeled glucose 
in PET-CT, is predictive of metabolic health in humans. 
However, this method may not be a reliable measure for 
BAT function, as lipoprotein-derived triglyceride but not 
glucose is the main fuel for BAT thermogenesis (11, 24), 
and thus lipid uptake may be a better predictor. Even more 
importantly, energy uptake into BAT may not be directly 
linked to BAT oxidative thermogenic capacity in a close 
mechanistic fashion (25). One experimental model to ad-
dress the question of whether lipid uptake into BAT 
correlates with its thermogenic capacity is mice lacking un-
coupling protein 1 (UCP1). This mitochondrial proton 
transporter enables thermogenesis in brown adipocytes by 
uncoupling respiration from ATP production (1). While 
Ucp1/ mice are surprisingly resistant to obesity when 
housed under standard housing conditions of mild cold 
exposure (26), they develop aggravated obesity when 
housed under warm thermoneutral temperatures (27, 28). 
Thermoneutrality is defined as the temperature range where 
no extra energy expenditure is needed for maintaining 
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Brown adipose tissue (BAT) is a heat-producing organ in 
mammals and important for physiological adaptation to 
cold environments (1). Its thermogenic function is regu-
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body temperature and is the typical living condition for 
humans (29–31).

In the present study, we set out to quantify glucose and 
lipid fluxes in Ucp1/ mice housed under conditions of 
minimal BAT activity (thermoneutrality, 30°C), mild BAT 
activity (standard housing conditions, 22°C), and maxi-
mum BAT activity (cold exposure at 6°C or pharmacologi-
cal BAT activation). Uptake of both lipids and glucose was 
lower in UCP1-deficient mice in response to acute pharma-
cological BAT stimulation. In contrast, we observed that 
UCP1 deficiency is not associated with reduced glucose and 
lipid uptake under thermoneutral and standard condi-
tions, but that Ucp1/ mice rather display increased clear-
ance of these energy substrates. Under conditions of 
chronic maximal BAT activation, however, Ucp1/ mice 
display a peculiar switch in nutrient preference as shown by 
reduced glucose uptake and a concomitantly increased 
lipid uptake into BAT. These data indicate that neither glu-
cose nor lipid uptake can be used as a direct measure of 
UCP1-dependent BAT thermogenic capacity under homeo-
static conditions.

MATERIALS AND METHODS

Mice and experimental conditions
All mouse experiments were approved by the Animal Welfare 

Officers of University Medical Center Hamburg-Eppendorf and 
Behörde für Gesundheit und Verbraucherschutz Hamburg. 
Ucp1/ mice [B6.129-Ucp1tm1Kz/J, Jackson Laboratory stock 
003124 (26)] were kindly provided by Jan Nedergaard and Bar-
bara Cannon, Stockholm University, and at the animal facility of 
University Medical Center Hamburg-Eppendorf backcrossed with 
C57BL6/J mice. Heterozygous mice were bred to generate WT 
and Ucp1/ mice. Note that in supplemental Fig. S4 and Fig. 
4I–P, heterozygous mice were used as controls. The mice were 
kept at a 12/12 h light/dark cycle and had ad libitum access to 
drinking water and regular chow diet (P1324, Altromin, Germany). 
Male or female age-matched mice (12–16 weeks old) were used as 
indicated in the figure legends.

Fat tolerance test
Mice were housed at 22°C or 30°C for 7 days. After a 4 h day-

time fast, each mouse received a lipid gavage with 200 mg triolein, 
20 mg lecithin, and 3.5 mg cholesterol emulsified in 250 l NaCl. 
Blood samples were taken by tail vein puncture before and 60, 
120, and 240 min after gavage. Mice were anesthetized with ket-
amine (180 mg/kg body weight) and xylazine (24 mg/kg body 
weight) before BAT samples were harvested for histological analy-
sis and measurement of tissue lipid and protein content.

Oral glucose fat tolerance with radioactive tracers
For an oral glucose and fat tolerance test (OGFT), mice were 

fasted for 4 h before receiving an oral gavage of 300 l of a glucose-
lipid emulsion containing 47 mg/kg body weight triglycerides 
from Intralipid® and 2 g/kg body weight glucose, traced with 
3H-deoxyglucose (3H-DOG) (0.72 MBq/kg body weight) and 14C-
triolein (0.15 MBq/kg body weight). For oral glucose tolerance 
tests, the gavage contained 2 g/kg body weight glucose, traced 
with 14C-deoxyglucose (0.15 MBq/kg body weight). Two hours 
after gavage, anesthetized mice were transcardially perfused with 
PBS containing 10 U/ml heparin to release lipoproteins attached 

to endothelial walls. Organs were harvested, weighed, and dis-
solved in 10× (v/w) Solvable™ (Perkin Elmer), and radioactivity 
(in disintegrations per minute) was measured by scintillation 
counting using a Perkin Elmer Tricarb scintillation counter.

Clearance of radiolabeled triglyceride-rich lipoproteins
The preparation of radioactively labeled triglyceride-rich lipo-

proteins (TRLs) was performed as described previously (32). 
Briefly, chloroform extracts from TRLs isolated from hypertriglyc-
eridemic human plasma were traced with 14C-triolein and 3H-
cholesterylhexadecylether (both purchased from Perkin Elmer). 
Then, solvents were evaporated, and the lipids were suspended in 
0.9% NaCl by sonication and filtered through 0.45 m filter as 
described (32). For simultaneously measuring the clearance of 
injected TRLs and glucose, TRLs were prepared with 14C-triolein, 
and the injection solution was spiked with 3H-DOG (0.72 MBq/kg 
body weight). Mice were fasted for 4 h before intravenous injec-
tion with 200 l of the radiolabeled TRL solution (triglycerides: 
80 mg/kg) double-labeled with 3H-cholesterylhexadecylether 
(2.5 MBq/kg) and 14C-triolein (0.6 MBq/kg) (32). Mice were 
anesthetized 20 min after injection, transcardially perfused with 
PBS containing 10 U/ml heparin, and organs were harvested for 
scintillation counting as described above.

Western blotting and antibodies
Western blotting was performed using standard procedures 

(33, 34). Briefly BAT samples were homogenized in 10× (v/w) 
RIPA buffer [50 mM Tris-HCl (pH 7.4), 5 mM EDTA, 150 mM 
sodium chloride, 1 mM sodium pyrophosphate, 1 mM sodium 
fluoride, 1 mM sodium orthovanadate, 1% NP-40] supplemented 
with cOmplete™ Mini Protease Inhibitor Cocktail tablets (Roche) 
in a tissue lyser (Qiagen). Lysates were centrifuged at 16,000 g for 
10 min, the clear soluble middle layer without the fat cake was 
taken, and protein concentration was determined using a BCA kit 
(Thermo). Twenty micrograms of total protein in NuPAGE 
reducing sample buffer (Invitrogen) were denatured at 60°C for 
10 min and separated on 10% SDS-polyacrylamide Tris-glycine 
gels. Transfer to nitrocellulose membranes was performed in a 
wet blotting system; membranes were stained with Ponceau S 
(Serva) to confirm equal loading, washed twice in TBS-T [20 mM 
Tris, 150 mM sodium chloride, 0.1% (v/v) Tween 20] and blocked 
in 5% milk powder (Sigma) in TBS-T for 1 h at room tempera-
ture. Primary antibody incubation (5% BSA in TBS-T) was per-
formed overnight at 4°C. Secondary antibodies were diluted 
in 5% milk powder in TBS-T, and detection was performed 
with enhanced chemiluminescence using an Amersham Imager 
600 (GE Healthcare).

The following primary antibodies were used: rabbit-anti-acetyl-
CoA carboxylase (ACC; 1:1,000; Cell Signaling #3662), rabbit-anti-
cluster of differentiation 36 (CD36) (1:5,000; provided by Kathryn 
Moore; New York), rabbit-anti-cAMP response element-binding 
protein (CREB; Cell Signaling #9197), rabbit-anti-phospho-CREB 
(Ser133; Cell Signaling #9198), rabbit-anti-deiodinase type 2 
(DIO2; 1:1,000; Abcam ab77779), mouse-anti-FASN (1:500; BD 
Bioscience #610962), rabbit-anti-glucose transporter 4 (GLUT4; 
1:1,000; provided by Anette Schürmann, Potsdam, Germany), rab-
bit-anti-hormone-sensitive lipase (HSL; Cell Signaling #4107), 
rabbit-anti-phospho-HSL (Ser563; Cell Signaling #4139), chicken-
anti-LPL (1:2,000; provided by Stefan Nilsson. Umeå, Sweden), 
rabbit-anti-tyrosine hydroxylase (TH; 1:5,000; Abcam ab137869), 
rabbit-anti--tubulin (g-TUB; 1:2,500; Abcam ab179503), rabbit-
anti-UCP1 (1:25,000; provided by Jan Nedergaard, Stockholm, 
Sweden). All of the following secondary HRP-coupled antibodies 
were from Jackson Immunoresearch and diluted 1:5,000: rabbit-
anti-chicken HRP (#303-035-003), goat anti-mouse HRP (#115-
035-003), goat-anti-rabbit HRP (#111-035-144, WB 1:5000).
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Gene expression analysis
Total RNA was isolated using NucleoSpin RNA II kit (Macherey 

and Nagel). After synthesis of cDNA, quantitative real-time PCR 
was performed and the relative expression of genes of interest was 
calculated by normalization to housekeeper TATA-box binding 
protein (Tbp) as described (15). The following TaqMan Assay-
on-Demand primer sets (Applied Biosystems) were used: acetyl-
CoA carboxylase 1 (Acaca), Mm01304285_m1; angiopoietin-like 
4 (Angptl4), Mm00480431_m1; Cd36, Mm00432403_m1; Dio2, 
Mm00515664_m1; elongation of very long chain fatty acids 3 
(Elovl3), Mm00468164_m1; Fasn, Mm00662319_m1; Glut4, 
Mm01245502_m1; Lpl, Mm00434764_m1; Tbp, Mm00446973_
m1; Ucp1, Mm00494069_m1.

BAT triglyceride content and histology
For measurement of BAT triglyceride content, lysates were pre-

pared in 10× (v/w) RIPA buffer as described above and centri-
fuged at 2,000 g for 10 min at 4°C. Supernatants including the fat 
cake were harvested and triglyceride concentration was deter-
mined using a commercial colorimetric kit (Roche). Afterwards, 
the lysate was centrifuged for an additional 10 min at 16,000 g, 
and the soluble middle layer was taken for measurement of pro-
tein content using a BCA kit (Thermo).

For histology, adipose tissues were fixed in 3.6% formalin in 
phosphate-buffered saline. H&E staining was performed on sec-
tions of paraffin-embedded tissues using standard procedures 
(35). Images were taken using a NikonA1 Ti microscope equipped 
with a DS-Fi-U3 brightfield camera. Quantification of adipocyte 
number and size in H&E stainings was performed using the Adi-
posoft plugin for Fiji/ImageJ (36).

Statistics
Data are expressed as mean ± SEM. Student’s t-test or two-way 

ANOVA were used for comparison between groups. Microsoft Ex-
cel 2016 and GraphPad Prism 6.0 were used for statistical calcula-
tions. P < 0.05 was considered to be statistically significant. Only 
significant differences between genotypes are shown.

RESULTS

UCP1 deficiency increases clearance of both lipid and 
glucose into mildly activated BAT

To determine how the lack of thermogenic capacity in 
BAT of Ucp1/ mice impacts on systemic lipid handling, 
we performed an oral fat tolerance test in WT and Ucp1/ 
mice. The animals were acclimated to standard housing 
conditions (22°C) that confer mild BAT activation, or to 
thermoneutral conditions (30°C) where BAT displays neg-
ligible thermogenic activity. In comparison to WT mice, we 
observed lower plasma triglycerides in response to the fat 
gavage in Ucp1/ mice housed at 22°C (Fig. 1A). In con-
trast, no differences were observed in mice housed under 
thermoneutral conditions (Fig. 1B). Histological analysis 
revealed a higher number and enlarged size of lipid drop-
lets in BAT of Ucp1/ versus WT mice at 22°C (Fig. 1C), 
which was also reflected by a higher BAT weight (supple-
mental Fig. S1A) and triglyceride content (supplemental 
Fig. S1B). These genotype-dependent differences were less 
pronounced when mice were housed at thermoneutrality 
(Fig. 1D; supplemental Fig. S1A, B). BAT weight was only 
increased by trend in thermoneutral BAT of Ucp1/ mice 

in this cohort (supplemental Fig. S1A); yet in a separate 
experiment (supplemental Fig. S5B), we did observe sig-
nificantly increased BAT weight at thermoneutrality, prin-
cipally in agreement with (27). The increased lipid droplet 
size and BAT triglyceride content in Ucp1/ mice have 
been noted previously (26, 37, 38) and are believed to be a 
reflection of reduced triglyceride oxidation. However, the 
lower triglyceride levels after the fat tolerance test (Fig. 1A) 
are suggestive for higher disposal of TRLs into BAT of 
Ucp1/ mice, which could additionally contribute to the 
expanded BAT lipid stores in Ucp1/ mice. To address 
this hypothesis, we performed a metabolic turnover study 
using recombinant TRLs labeled with 14C-triolein and non-
metabolizable 3H-cholesterylether (3H-CE), the latter as a 
label for the lipoprotein core. After intravenous injection 
of radiolabeled TRLs into mice housed at 22°C, we found 
higher specific (Fig. 1E) and total (Fig. 1F) uptake of radio-
labeled triolein into BAT of Ucp1/ versus WT mice. A 
similar but less pronounced effect was observed for the ra-
dioactive lipoprotein core label (Fig. 1G, H). The uptake 
into other tissues was not affected by the genotype (supple-
mental Fig. S1C, D).

To investigate the metabolic clearance of dietary glucose 
and lipids in a physiological postprandial setting, we per-
formed an OGFT with the radiolabeled tracers 3H-DOG 
and 14C-triolein in WT and Ucp1/ mice acclimated to 
22°C or thermoneutral conditions. In line with the in-
creased TRL clearance in Ucp1/ mice housed at 22°C 
(Fig. 1E–H), we observed higher specific (Fig. 1I) and total 
triglyceride (Fig. 1J) uptake into BAT of Ucp1/ versus 
WT mice. The effect was less pronounced and not signifi-
cant under thermoneutral conditions (Fig. 1I, J). It is of 
note that Ucp1/ mice housed at 22°C also displayed 
higher uptake of 3H-DOG into BAT (Fig. 1K, L). As shown 
in supplemental Fig. S1E and F, the disposal of triglycer-
ides or glucose was not affected by the genotype in any 
other organs investigated. Fasting glucose, triglycerides, 
and cholesterol as well as FFAs were not affected by geno-
type, while Ucp1/ mice acclimated to thermoneutral con-
ditions displayed elevated insulin levels (supplemental Fig. 
S2A–E). Taken together, despite a lack of nonshivering 
thermogenesis, mildly activated BAT of Ucp1/ mice un-
expectedly exhibited a higher uptake of glucose and lipids 
than BAT of WT mice.

Thermogenic markers are increased in BAT and WAT of 
Ucp1/mice

The activity of BAT nutrient uptake and thermogenic 
activity is controlled by the sympathetic nervous system (1). 
To examine the activity of the sympathetic pathway, we ana-
lyzed the expression of thermogenic marker genes in BAT 
of WT and Ucp1/ mice housed at 22°C or thermoneutral-
ity (Fig. 2A). As expected, subthermoneutral housing re-
sulted in higher expression of the thermogenic markers 
Dio2 and Elovl3. This effect was even more pronounced in 
Ucp1/ mice, suggesting a higher sympathetic tone in BAT 
in the absence of UCP1. In agreement with previous find-
ings (39, 40) and as indicated by higher gene expression of 
thermogenic markers in this tissue (supplemental Fig. S2F), 
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Fig.  1.  Increased clearance of lipid and glucose by BAT in Ucp1/ mice housed below thermoneutrality. Male WT and Ucp1/ mice were 
acclimated to 22°C or 30°C and plasma lipid clearance as well as BAT morphology and nutrient uptake were measured. A, B: Plasma triglyc-
eride levels following oral lipid gavage in WT and Ucp1/ mice at 22°C (A) and 30°C (B) (n = 4–5). C, D: H&E staining of BAT sections from 
the mice described in A and B (scale bar: 100 m). E–H: Uptake of recombinant TRLs labeled with 3H-cholesterylether (3H-CE) and 14C-
triolein in mice housed at 22°C (n = 7–8). Specific (E) and total organ (F) 14C-triolein uptake into interscapular BAT (iBAT). Specific (G) 
and total organ (H) 3H-CE uptake into iBAT. I–L: Oral combined glucose and fat tolerance test traced with 14C-triolein and 3H-DOG in WT 
and Ucp1/ mice housed at 22°C or 30°C (n = 5–6). Specific (I) and total (J) 14C-triolein uptake into iBAT. Specific (K) and total (L) 3H-
DOG uptake into iBAT. *P < 0.05 by Student’s t-test or two-way ANOVA. Only significant differences between genotypes in the same interven-
tional group are indicated.
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sympathetic tone appeared to also be increased in inguinal 
white adipose tissue (iWAT) of knockout mice housed 
under subthermoneutral conditions. To more directly assess 
sympathetic activity in UCP1-deficient BAT, we measured 
the phosphorylation of protein kinase A (PKA) target pro-
teins including CREB and HSL in BAT of WT and Ucp1/ 
mice acclimated to 22°C. In line with the hypothesis that 
sympathetic tone was elevated in Ucp1/ mice, phosphory-
lation of CREB and HSL as well as the abundance of TH 
were higher in UCP1-deficient mice than in WT controls 
(supplemental Fig. S2G, H).

Next, to investigate the molecular basis for the observed 
increased nutrient uptake into Ucp1/ BAT at 22°C, we 
measured expression of genes involved in lipid uptake 
(Lpl, Cd36, Angptl4), as well as in glucose uptake and me-
tabolism (Glut4, Acaca, Fasn) in BAT of mice acclimated to 

22°C or 30°C (Fig. 2A). As recently shown (41, 42), most of 
these metabolic genes showed a strong regulation by the 
ambient temperature with de novo lipogenesis-related 
genes, Acaca and Fasn, being most strongly downregulated 
at thermoneutrality, whereas gene expression of the LPL-
inhibitor, Angptl4, was upregulated in inactive BAT (Fig. 
2A). In line with increased glucose and lipid uptake (Fig. 
1), an upregulation of Lpl, Cd36, and the glucose trans-
porter Glut4 was observed in BAT of Ucp1/ compared 
with WT mice housed at 22°C (Fig. 2A). In iWAT, the ex-
pression of lipid and glucose handling genes was mostly 
unaltered (supplemental Fig. S2F), which is consistent with 
similar nutrient uptake into iWAT of WT and UCP1-deficient 
mice (supplemental Fig. S1E, F).

To validate the observations made in BAT on the protein 
level, we analyzed the expression of thermogenic markers 

Fig.  2.  Expression of thermogenic and nutrient handling genes in iBAT of WT and Ucp1/ mice. BAT samples from male WT and Ucp1/ 
mice acclimated to 22°C or 30°C were harvested for mRNA and protein analyses (n = 5–6). A: mRNA expression of indicated genes in iBAT, 
values are shown relative to WT 22°C. B: iBAT Western blot analysis using specific antibodies to indicated proteins. C: Quantification of West-
ern blots, values were normalized to the housekeeper g-TUB and shown relative to WT 22°C. *P < 0.05 by two-way ANOVA. Only significant 
differences between genotypes in the same interventional group are depicted. HMW, high-molecular-weight; LMW, low-molecular-weight.
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(UCP1, DIO2), as well as players of lipid metabolism (LPL, 
CD36) and glucose metabolism (GLUT4, ACC, FASN) in 
BAT samples from the mice described above by Western 
blotting (Fig. 2B, C). The majority of the proteins analyzed 
exhibited a profound regulation by housing temperature, 
while genotype had no significant effect on the abundance 
of most proteins. However, and in further support of an 
increased sympathetic tone in the absence of UCP1, we 
found elevated protein expression of TH, the rate-limiting 
enzyme of norepinephrine synthesis, in BAT of Ucp1/ 
versus WT mice housed at 22°C (Fig. 2B, C). Notably, the 
levels of the inactive high-molecular-weight CD36 were spe-
cifically reduced in Ucp1/ mice, while the low-molecular-
weight isoform, which is thought to represent the active 
form (32, 43), was specifically increased in BAT of Ucp1/ 
mice housed at subthermoneutral conditions. Lower ex-
pression of the housekeeper tubulin in the samples from 
thermoneutrally housed mice may compromise the com-
parison between samples from mice housed at different 
temperatures; however, equal protein loading was shown 
by Ponceau staining. Taken together, these findings indi-
cate that UCP1 deficiency leads to altered sympathetic tone 
at subthermoneutral temperatures, which in turn may 
drive the increased nutrient uptake into BAT.

UCP1 deficiency alters energy disposal in thermogenic 
adipose tissues of cold-acclimated mice

UCP1-deficient mice are acutely sensitive to cold expo-
sure but can be gradually acclimated to colder tempera-
tures (37, 44–47). Several alternative heat-producing 
mechanisms have been proposed to be functional in 
Ucp1/ mice that could mediate the cold tolerance follow-
ing gradual acclimation, including thermogenesis in WAT 
and BAT (48–51) as well as muscle (45, 52).

To investigate the role of UCP1-dependent thermogen-
esis for nutrient handling under conditions of maximal 
BAT activation and WAT browning, we performed an 
OGFT in cold-acclimated Ucp1/ versus WT mice. While 
specific lipid uptake into BAT was comparable between 
genotypes (Fig. 3A), total organ uptake was doubled in 
Ucp1/ mice (Fig. 3B). Notably, specific glucose uptake 
was decreased by 50% in BAT of Ucp1/ compared with 
WT mice (Fig. 3C), whereas total BAT uptake was similar 
(Fig. 3D). The differences between specific and total up-
take of both lipid and glucose can be explained by the 
higher BAT weight of cold-acclimated Ucp1/ mice (sup-
plemental Fig. S3A). These results are reflected by compa-
rable fasting glucose levels (supplemental Fig. S3B), while 
fasting triglyceride and cholesterol levels were decreased in 
cold-acclimated Ucp1/ mice (supplemental Fig. S3C, D), 
which is in line with previous observations (39). Plasma 
FFA and insulin levels were also comparable between geno-
types (supplemental Fig. S3E, F).

To understand the molecular basis of the alterations in glu-
cose and lipid uptake into BAT of cold-acclimated Ucp1/ 
mice, we analyzed the levels of genes and proteins involved 
in adaptive thermogenesis as well as glucose and lipid me-
tabolism in BAT of WT and Ucp1/ mice. Gene expression 
of thermogenic markers Dio2 and Elovl3 was induced in 

UCP1-deficient BAT (Fig. 3E), and so were protein levels of 
TH and DIO2 (Fig. 3F, G), both pointing toward increased 
sympathetic tone even at 6°C. In line with increased lipid 
uptake, the transcript levels of Lpl and Cd36 were increased 
in BAT of Ucp1/ mice (Fig. 3E), and, interestingly, Angptl4 
expression was also increased, possibly being part of a nega-
tive feedback loop to limit lipid uptake as described before 
(42). LPL protein levels, as well as the levels of the active 
low-molecular-weight form of CD36 were increased in 
UCP1-deficient BAT (Fig. 3F, G). Consistent with decreased 
glucose uptake, mRNA and protein levels of ACC and FASN 
were strongly reduced in Ucp1/ BAT (Fig. 3F, G). Notably, 
some variability in housekeeper levels was observed, which 
did not affect the interpretation of the data, however, and 
was not due to unequal protein loading.

Next to adaptive recruitment of BAT, sustained cold 
exposure leads to the browning of various WAT depots, a 
process characterized by the appearance of thermogenic 
UCP1-positive brite/beige adipocytes (53–55). To investi-
gate the consequences of UCP1 deficiency for energy han-
dling by brite/beige adipocytes, we determined lipid and 
glucose uptake in iWAT of cold-acclimated Ucp1/ versus 
WT mice. Notably, we found an approximately 4-fold in-
crease in the specific and total organ uptake of 14C-triolein 
(Fig. 3H, supplemental Fig. S3G). In contrast to BAT, 3H-
DOG uptake was also slightly but significantly increased in 
iWAT (Fig. 3I, supplemental Fig. S3H). Increased gene 
expression of the thermogenic markers Dio2 and Elovl3 in-
dicated a more pronounced browning in iWAT of Ucp1/ 
mice (Fig. 3J). This is presumably caused by a higher sym-
pathetic activity in this tissue that, together with higher 
Lpl expression (Fig. 3J), can explain the substantially 
increased lipid uptake. In contrast to BAT, expression of 
Glut4, Fasn, and Acaca was higher in iWAT of cold-accli-
mated Ucp1/ mice (Fig. 3J), which is consistent with 
increased 3H-DOG uptake (Fig. 3I). The abovementioned 
experiments were performed in female mice. However, 
all major findings were essentially reproduced in male 
Ucp1/ mice, including alterations in organ weights (sup-
plemental Fig. S4A) and plasma lipid levels (supplemental 
Fig. S4B, C), switch in fuel preference (supplemental Fig. 
S4D–G) as well as signs of increased sympathetic tone in 
both BAT (supplemental Fig. S4J–L) and iWAT (supple-
mental Fig. S4M). Overall, these data demonstrate that 
energy uptake into BAT and iWAT of cold-acclimated 
mice is independent of UCP1-mediated thermogenesis. 
Moreover, the already very high lipid uptake into both 
BAT and iWAT of cold-acclimated mice is further induced 
in the absence of UCP1, which may be explained by a com-
pensatory increase in sympathetic tone in thermogenic 
adipose tissues of Ucp1/ mice. The decreased glucose 
uptake with accompanying increases in lipid uptake (Fig. 
3A–D) could be explained by substrate competition due to 
the Randle cycle (56). To examine whether this was the 
case, we performed a glucose-only gavage and determined 
the uptake of radiolabeled glucose into metabolically ac-
tive organs of cold-acclimated WT and Ucp1/ mice in 
the absence of simultaneous supply of dietary lipids 
(supplemental Fig. S3I–L). Notably, we again observed a 
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pronounced decrease in BAT glucose uptake into BAT of 
cold-acclimated Ucp1/ mice as compared with WT mice 
(supplemental Fig. S3I, J). Interestingly, uptake into iWAT 

and muscles increased (supplemental Fig. S3K, L). These 
data further indicate that the decreased glucose uptake 
into UCP1-deficient BAT upon strong thermogenic activation 

Fig.  3.  UCP1 deficiency alters energy disposal in thermogenic adipose tissues of cold-acclimated mice. Female WT and Ucp1/ mice were 
gradually acclimated to 6°C and gene expression as well as nutrient uptake were measured. For this purpose, mice were kept for 1 week at 
18°C and then acclimated to 6°C for 3 weeks before being subjected to an OGFT (n = 8–10). Specific (A) and total (B) 14C-triolein uptake 
into iBAT. Specific (C) and total (D) 3H-DOG uptake into iBAT. Expression of mRNA (E) shown relative to WT and protein (F) by Western 
blot of iBAT samples. G: Quantification of Western blots, values were normalized to g-TUB and shown relative to WT. Total iWAT uptake of 
14C-triolein (H) and 3H-DOG (I). J: iWAT gene expression normalized to Tbp, values are shown relative to WT. *P < 0.05 by Student’s t-test.
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is an intrinsic characteristic of the tissue and not second-
ary to increased lipid uptake.

UCP1 deficiency differentially modulates lipid and 
glucose uptake into thermogenic adipose tissues after 
sustained -3-adrenergic receptor stimulation

The observed strong induction of nutrient uptake into 
the BAT of Ucp1/ mice at subthermoneutral tempera-
tures as well as the reductions in glucose uptake in the BAT 
of cold-acclimated Ucp1/ mice caused us to wonder 
whether these were secondary effects due to sympathetic 
overstimulation of the tissue or whether they were a direct 
consequence of UCP1 deficiency. To address this question, 
we induced thermogenesis and browning by chronic treat-
ment of WT and Ucp1/ mice housed at thermoneutrality 
with the -3-adrenergic receptor agonist CL316,243 (CL) 
for 1 week. Under this condition, the strength of adrenergic 
signaling should be comparable between WT and Ucp1/ 
mice, and direct effects of UCP1 deficiency should be-
come visible. CL treatment resulted in no alterations in 
body weight (supplemental Fig. S5A). Compared with con-
trol mice housed at thermoneutrality, the injection of CL 
caused reductions in the weights of thermogenic adipose 
tissues (supplemental Fig. S5B), which can be explained by 
lipid combustion and WAT browning. The reduction in 
iWAT weight was significantly smaller in Ucp1/ mice, indi-
cating that proper UCP1-dependent thermogenesis was at 
least partially required for the reductions in WAT mass 
upon CL treatment (supplemental Fig. S5B). BAT lipid up-
take was strongly induced by CL treatment in WT mice, and 
even more pronounced in Ucp1/ mice (Fig. 4A, B). Inter-
estingly, this genotype effect was absent in iWAT and other 
organs (Fig. 4C, D; supplemental Fig. S5C). Plasma lipid 
values were reduced by CL treatment but comparable in 
WT and Ucp1/ mice (supplemental Fig. S5D, E). Remark-
ably, agonism of -3-adrenergic receptors by CL strongly 
induced glucose uptake into BAT of WT mice, and this ef-
fect was markedly diminished in Ucp1/ mice (Fig. 4E, F), 
reminiscent of the effects observed in cold-exposed mice 
shown in Fig. 3C. In iWAT, the CL and genotype effects 
were similar but less prominent (Fig. 4G, H), and in other 
organs they were absent (supplemental Fig. S5G). Notably, 
the lower glucose uptake into thermogenic adipose tissues 
of Ucp1/ mice compared with WT mice in response to CL 
treatment was paralleled by higher plasma glucose levels 
(supplemental Fig. S5F). The lipolytic effect of CL was not 
affected by the absence of UCP1, as histological analysis re-
vealed similar decreases in lipid content reflected by adipo-
cyte size in BAT and epididymal WAT (eWAT) of WT and 
Ucp1/ mice treated with CL (supplemental Fig. S5H, I). 
Similarly, tissue weights of BAT and eWAT were equally de-
creased in WT and Ucp1/ mice treated with CL (supple-
mental Fig. S5B). In summary, a higher lipid uptake into 
BAT of Ucp1/ mice was observed under conditions of 
chronic stimulation with the -3-adrenergic receptor ago-
nist CL. Interestingly, the opposite effect was found for glu-
cose disposal in mice lacking UCP1.

Previous studies examining glucose uptake into UCP1-
deficient BAT employed short-term activation protocols 

combined with either measurement of glucose by PET-CT 
(57) or scintillation counting (58). To examine the effects 
of UCP1 deficiency on lipid uptake under such conditions, 
we treated room temperature-acclimated mice with CL for 
4 h at thermoneutrality and followed the clearance of in-
jected 14C-triolein-labeled TRLs and a tracer dose of 3H-
DOG (Fig. 4I–P). CL treatment induced both lipid and 
glucose uptake into BAT of WT mice (Fig. 4I, J, M, N), 
while this response was severely blunted in Ucp1/ mice. 
Uptake into iWAT (Fig. 4K, L, O, P) as well as uptake into 
other metabolic organs was largely unaffected (supplemen-
tal Fig. S6B, C) and so were organ weights, with the excep-
tion of higher BAT weight in Ucp1/ mice (supplemental 
Fig. S6A). These findings of reduction of both lipid and 
glucose uptake were strikingly different from the fuel 
switch observed upon long-term activation (Figs. 3, 4; sup-
plemental Fig. S4). Plasma analysis revealed increased tri-
glyceride levels in CL-treated Ucp1/ mice (supplemental 
Fig. S6D), while cholesterol and glucose levels were unaf-
fected (supplemental Fig. S6E, F). The acute effect of CL 
treatment on BAT nutrient uptake is largely dependent 
upon insulin signaling (24). The effect of CL treatment on 
insulin signaling is mediated by lipolysis-driven FFA release 
from WAT that then triggers pancreatic insulin secretion. 
Interestingly, both FFA levels and plasma insulin levels 
(supplemental Fig. S6G, H) were more than doubled in 
acutely CL-treated Ucp1/ mice as compared with WT 
controls. Taken together, these findings indicate that, in 
contrast to chronic activation, acute pharmacological BAT 
stimulation results in lower lipid uptake in Ucp1/ mice, 
which may be explained by high plasma FFA levels and/or 
impaired insulin signaling in BAT of UCP1-deficient mice.

DISCUSSION

UCP1 is a protein expressed exclusively by brown and 
brite/beige adipocytes that mediates efficient heat produc-
tion in response to increased sympathetic tone in a process 
known as adaptive nonshivering thermogenesis (1). To sus-
tain high energy expenditure, BAT and brite/beige WAT 
internalize high amounts of nutrients, in particular TRL-
derived fatty acids (11, 12, 24), albumin-bound fatty acids 
(24, 32, 59, 60), and glucose (24, 34, 61, 62). Especially, the 
uptake of the glucose tracer 18F-fluodeoxyglucose has been 
utilized to determine volume and activity of BAT in humans 
(4–6, 8, 63, 64). Fatty acid tracers have also been used to 
detect active BAT (65, 66), whereas TRL tracers for PET-
CT studies are under development but need to be im-
proved for human studies (67). Although it is of high 
relevance for the interpretation of PET-CT studies, it is un-
clear whether nutrient uptake is directly connected to the 
dominant thermogenic process mediated by UCP1 (25). In 
the present study, we addressed this question by comparing 
glucose and lipid uptake using radiolabeled tracers in WT 
versus Ucp1/ mice under distinct thermogenic conditions. 
Recent PET-CT studies using an acute activation protocol 
of nonshivering thermogenesis by injection of -adrenergic 
agonists in Ucp1/ mice concluded that BAT glucose 
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Fig.  4.  Nutrient uptake after sustained and acute pharmacological activation with -3-adrenergic receptor agonism into thermogenic adi-
pose tissues of WT and Ucp1/ mice. For sustained activation, male WT and Ucp1/ mice were housed at 30°C for 1 week and injected daily 
with 1 mg/kg CL or vehicle (0.9% saline) intraperitoneally before an OGFT was performed (n = 6–8). Specific (A) and total (B) uptake of 
14C-triolein into iBAT. Specific (C) and total (D) uptake of 14C-triolein into iWAT. Specific (E) and total (F) uptake of 3H-DOG into iBAT. 
Specific (G) and total (H) uptake of 3H-DOG into iWAT. For acute activation, male control and Ucp1/ mice were housed at 30°C for 1 day 
and injected with 1 mg/kg CL or vehicle. Four hours after CL injection, 14C-triolein-labeled TRLs and a tracer dose of 3H-DOG were admin-
istered (n = 5–6). Specific (I) and total (J) uptake of 14C-triolein into iBAT. Specific (K) and total (L) uptake of 14C-triolein into iWAT. Specific 
(M) and total (N) uptake of 3H-DOG into iBAT. Specific (O) and total (P) uptake of 3H-DOG into iWAT. *P < 0.05 by two-way ANOVA. Only 
significant differences between genotypes in the same interventional group are depicted.
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uptake was independent of UCP1 (57, 68). Such studies 
generally employ intravenous or intraperitoneal injection 
of radioactive tracers, which is different from the physio-
logical postprandial situation where additional pathways 
such as insulin secretion, incretin signaling, and a more 
gradual increase in the plasma levels of glucose and lipids 
can be observed. Using a postprandial test as a setting more 
closely resembling this physiological situation, we here 
show impaired glucose disposal under sustained thermo-
genic stimulation using cold exposure as well as CL injec-
tion in Ucp1/ mice. This is principally in agreement with 
an earlier study showing lack of induction of glucose up-
take into BAT of acutely cold-exposed male Ucp1/ mice 
(69). Notably, lipid uptake was substantially higher in cold-
exposed and CL-treated Ucp1/ mice. While cold expo-
sure induces norepinephrine secretion that triggers the 
activation of several classes of adrenergic receptors, the 
pharmacological approach here will only trigger activation 
of 3-adrenergic receptors. However, the close resem-
blance of the phenotypes observed under cold and chronic 
CL conditions imply that a large proportion of the cold-
induced phenotype can indeed be mimicked by 3-
adrenergic activation. Our findings demonstrate a direct 
link between glucose and UCP1-dependent adaptive ther-
mogenesis, whereas an inverse association was found for 
TRL-derived lipids.

It has been shown that adrenergic signaling increases 
glucose uptake into brown adipocytes in a process that is 
dependent on mTOR complex 2 and GLUT1 (70). More-
over, in immortalized brown adipocytes, thermogenesis 
was dependent on functional glycolysis and glucose uptake 
(71), while the absolute contribution of glucose to the en-
ergy uptake into BAT is only modest (25, 62, 72). The role 
of glucose metabolism in BAT thermogenesis may there-
fore rather lie in providing glycerol for fatty acid reesterifi-
cation or substrates for de novo lipogenesis (41, 73, 74). 
Here, we show that sympathetic tone in adipose tissues of 
Ucp1/ mice is higher when mice are exposed to mild or 
severe cold (Figs. 2, 3), which could explain the higher glu-
cose uptake into BAT of UCP1-deficient mice acclimated 
to mild cold (Fig. 1). On the other hand, under conditions 
of sustained cold exposure or especially after acute or pro-
longed -3-adrenergic receptor agonism, glucose uptake 
into BAT was lower in the knockout mice (Figs. 3, 4). BAT 
glucose uptake has previously been found to be unaltered 
in Ucp1/ mice upon acute activation (57, 68), while oth-
ers found it to be impaired in UCP1 deficiency (58, 69). 
This discrepancy may be explained by use of anesthesia or 
the previous housing temperature of the mice. Moreover, it 
has been shown that glucose uptake into BAT is also driven 
by insulin-dependent signaling processes (63). In addition 
to its direct action on brown adipocytes, CL treatment pro-
vokes profound fatty acid release by WAT that in turn stim-
ulates insulin secretion by pancreatic  cells (75). Along 
this line, we showed that glucose uptake into BAT in re-
sponse to CL treatment is mainly driven by insulin signal-
ing and is impaired in insulin-resistant mouse models (24). 
It is known that BAT of cold-exposed Ucp1/ mice displays 
mitochondrial dysfunction, ER stress, and inflammation 

(37, 38, 76), processes that have been implicated in the 
development of insulin resistance (37) and reduced cellu-
lar glucose uptake (77–80). In line with an alteration in 
insulin sensitivity, it has been found that, when fed a high-
fat diet, Ucp1/ mice display impaired glucose clearance 
(81). Thus, the lower glucose uptake, as well as the associ-
ated reduction of lipogenic enzymes, in BAT of acutely and 
chronically activated Ucp1/ mice (Figs. 3, 4) may be ex-
plained by insulin resistance. On the other hand, in healthy 
insulin-sensitive BAT of WT mice, glucose uptake reflects 
thermogenesis. Notably, the lower glucose uptake is also 
associated with lower thermogenesis known to be present 
in BAT of UCP1-deficient mice under cold stress (26, 44, 
82), which presumably is explained by indirect effects lead-
ing to impaired insulin-dependent glucose handling.

Previously, we showed accelerated processing of TRL-
derived lipids by activated BAT, and that lipid disposal is 
dependent on LPL and CD36 expression (11). Conse-
quently, lack of fatty acid transport protein 1 or CD36 
impairs thermogenesis when intracellular lipid stores are 
depleted (11, 83, 84). In line with these results, we found a 
substantially increased uptake of TRL-derived fatty acids as 
well as elevated expression of the above-mentioned lipid 
handling proteins, LPL and CD36, in thermogenic adipose 
tissues of WT mice after mild and strong activation by cold 
or CL treatment. Remarkably, this effect was even more pro-
nounced in Ucp1/ mice (Figs. 1, 3, 4), which is probably 
the result of a higher sympathetic tone in adipose tissues 
(Figs. 2, 3). The increase leads to higher blood flow into 
thermogenic adipose tissues and, together with the elevated 
expression of CD36 and LPL (Figs. 2, 3), explains acceler-
ated TRL processing and uptake of fatty acids in BAT of 
Ucp1/ mice. The reason for the increased sympathetic 
tone is currently unknown, but probably results from in-
creased perception of cold in the Ucp1/ mice (85), lead-
ing to increased browning of WAT that is also observed in 
our study (supplemental Fig. S2F, Fig. 3). Another explana-
tion could be increased levels of circulating FGF21 as de-
scribed for Ucp1/ mice (39). FGF21 has been shown to 
stimulate WAT browning by altering sympathetic tone (86–
88) and promoting lipid disposal into thermogenic adipose 
tissues (32). The cause of sympathetic tone activation not-
withstanding, the question arises whether there is a physio-
logical rationale for the resulting increased lipid uptake in 
thermogenic adipose tissues. Recently, it has been shown 
that UCP1-deficient mice use alternative mechanisms for 
heat production in adipose tissues and other organs. For 
example, creatine-driven futile cycling in thermogenic adi-
pose tissues of Ucp1/ mice can compensate for the loss of 
UCP1 (49, 50, 89). In addition, an upregulation of calcium-
dependent thermogenesis in adipose tissues and muscle 
has been suggested. This pathway is thought to involve a 
sarcolipin-sarco/ER Ca2+-ATPase calcium cycling pathway 
(48, 52, 90–93). In comparison to UCP1-dependent heat 
production, these mechanisms are probably less efficient 
and may thus require higher lipid uptake into BAT and 
WAT to meet their energy demands. Additionally, the in-
creased lipid and glucose uptake into muscles of Ucp1/ 
mice under these conditions is in line with the sustained 
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shivering in these mice but may also partially reflect activa-
tion of muscle nonshivering thermogenic pathways.

The uptake of lipids in the form of lipoprotein-derived 
triglycerides accounts for the majority of energy uptake into 
activated BAT (24). It has, therefore, been proposed that 
using lipoprotein-embedded fatty acid tracers may greatly 
improve BAT detection in humans. Such an approach 
would clearly offer advantages, such as being less suscepti-
ble to alterations in insulin sensitivity that might contribute 
to an underestimation of BAT prevalence in obese diabetic 
patients when using 18FDG-PET-CT (23, 94, 95). Our results 
indicate that lipoprotein tracers might offer the option to 
detect BAT even in insulin-resistant subjects. However, it 
has to be kept in mind that based on our studies under 
UCP1 deficiency, lipoprotein handling does not necessarily 
reflect UCP1-dependent thermogenic activity but rather 
sympathetic activation of thermogenic adipose tissues.
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