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Background: Brown adipose tissue (BAT) is a site of metabolic thermogenesis mediated by mitochondrial
uncoupling protein 1 (UCP1) and represents a target for a therapeutic intervention in obesity. Cold exposure ac-
tivates UCP1-mediated thermogenesis in BAT and causes drastic changes in glucose, lipid, and amino acidmetab-
olism; however, the relationship between these metabolic changes and UCP1-mediated thermogenesis is not
fully understood.
Methods: We conducted metabolomic and GeneChip array analyses of BAT after 4-h exposure to cold tempera-
ture (10 °C) in wild-type (WT) and UCP1-KO mice.
Results:Cold exposure largely increasedmetabolites of the glycolysis pathway and lactic acid levels inWT, but not
inUCP1-KO,mice, indicating that aerobic glycolysis is enhanced as a consequence of UCP1-mediated thermogen-
esis. GeneChip array analysis of BAT revealed that there were 2865 genes upregulated by cold exposure in WT
mice, and 838 of these were upregulated and 74 were downregulated in UCP1-KO mice. Pathway analysis re-
vealed the enrichment of genes involved in fatty acid (FA) β oxidation and triglyceride (TG) synthesis in both
WT and UCP1-KO mice, suggesting that these metabolic pathways were enhanced by cold exposure indepen-
dently of UCP1-mediated thermogenesis. FA and cholesterol biosynthesis pathways were enhanced only in
UCP1-KOmice. Cold exposure also significantly increased the BAT content of proline, tryptophan, and phenylal-
anine amino acids in both WT and UCP1-KO mice. In WT mice, cold exposure significantly increased glutamine
content and enhanced the expression of genes related to glutamine metabolism. Surprisingly, aspartate was al-
most completely depleted after cold exposure in UCP1-KOmice. Gene expression analysis suggested that aspar-
tate was actively utilized after cold exposure both in WT and UCP1-KO mice, but it was replenished from
intracellular N-acetyl-aspartate in WT mice.
Conclusions: These results revealed that cold exposure induces UCP1-mediated thermogenesis-dependent glu-
cose utilization and UCP1-independent active lipid metabolism in BAT. In addition, cold exposure largely affects
amino acid metabolism in BAT, especially UCP1-dependently enhances glutamine utilization. These results con-
tribute a comprehensive understanding of UCP1-mediated thermogenesis-dependent and thermogenesis-
independent metabolism in BAT.

© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Obesity is a major risk factor for metabolic disorders, such as type 2
diabetes, hyperlipidemia, and nonalcoholic fatty liver disease. Brown
adipose tissue (BAT) has attracted attention as a target for therapeutic
intervention in obesity [1,2]. BAT is a tissue specialized for metabolic
thermogenesis mediated through mitochondrial uncoupling protein 1
(UCP1), which uncouples respiration from ATP synthesis [3]. UCP1 ac-
tivity is controlled by the sympathetic nervous system (SNS); physio-
logical stimuli such as cold exposure and several kinds of stress [4,5]
activate sympathetic nerves that innervate BAT, which induces the acti-
vation of ß-adrenergic receptor (ß-AR) and downstream signaling
er the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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pathway, ultimately activating UCP1 activity. UCP1-mediated thermo-
genesis is important in maintaining body temperature in cold environ-
ments [6] and during the postnatal period [7], as well as in regulating
adiposity. The activation of UCP1-mediated thermogenesis increases
whole body energy expenditure and leads to a reduction of body fat in
both rodents and humans [8–11].

SNS stimulation induces drastic metabolic changes in BAT,
simultaneous with the activation of UCP1-medaited thermogenesis.
When β-AR is activated by norepinephrine, the intracellular cAMP-
protein kinase A pathway is activated, which leads to the phosphoryla-
tion of adipose triglyceride lipase and hormone-sensitive lipase,
resulting in the lipolysis of intracellular lipid droplets. Fatty acids
(FAs) directly activate the UCP1 function [12,13], and at the same time
serve as substrates for thermogenesis. SNS activation also causes lipoly-
sis in white adipose tissue (WAT) through a similar intracellular signal-
ing pathway, and the liberated FAs are mobilized into circulation as free
FAs, which can be incorporated into BAT and used for thermogenesis.
BAT also incorporates FAs liberated from the circulating triglyceride-
rich lipoproteins through the action of lipoprotein lipase [14,15]. Lipol-
ysis is essential for BAT thermogenesis in rodents [16] and humans [17],
although whether the intracellular lipolysis in brown adipocytes is in-
dispensable or can be substituted by the incorporation of FAs from cir-
culation is controversial [18,19].

In addition to lipid metabolism, BAT substantially increases glucose
utilization upon SNS activation. In rodents, this glucose uptake is ame-
liorated by denervation of sympathetic nerves [20] or genetic deletion
of Ucp1 [21], indicating that this pathway is fully dependent on
UCP1-mediated thermogenesis. Glucose uptake is also reported to be
AMPK-dependent mechanism [21,22], suggesting that glucose is used
to replenish ATP through aerobic glycolysis to compensate for the de-
creased ATP production in mitochondria caused by UCP1 uncoupling.
Indeed, in vitro [23] and in vivo [24] experiments have shown that inhi-
bition of glycolysis impairs BAT thermogenesis. Thus, it has been ac-
cepted that cold-induced glucose uptake in BAT is dependent on UCP1
activity.

Although the studies on amino acidmetabolism in BAT are limited, it
has been reported that cold exposure greatly alters the makeup of
amino acid pools and the activity of enzymes involved in amino acid
metabolism in BAT [25–27]. Lopez-Soriano et al. evaluated the net up-
take and release of amino acids in BAT by measuring arteriovenous
amino acid concentration difference and found that 4-h cold exposure
in rats increased BAT influx of amino acids, such as glutamine and
branched-chain amino acids (BCAAs), accounting for about one-third
of the energy supplied by glucose to the tissue [25]. The authors sug-
gested that the efflux of glycine and proline partially compensated for
the positive nitrogen balance induced by cold exposure in BAT. Consis-
tentwith their findings, it was recently reported that BCAAs are actively
utilized in BAT mitochondria for thermogenesis upon cold exposure in
mice [28]. Thus, amino acids, as well as glucose and FAs, are likely to
be important energy substrates in BAT during cold exposure; however,
the relationship of amino acid metabolism to UCP1-mediated thermo-
genesis is still unclear.

The thermogenic function of BAT is supported by themetabolic char-
acteristics of this tissue both in rodents and humans and these charac-
teristics were utilized to evaluate the volume and activity of human
BAT. For example, positron emission tomography- computed tomogra-
phy (PET-CT) imaging using the glucose analog 18F-fluorodeoxyglucose
as a tracer is used to assess BAT activity [9,29–31]. However, some stud-
ies suggest that thismethod does not always reflect BAT activity [30,31].
It is also reported that the lipolysis-driven high concentration of FAs
promotes insulin secretion, which may contribute to the increase in
the uptake of not only glucose but also FAs and amino acids in BAT
through a UCP1-independent mechanism [32]. Other tracers, such as a
long-chain FA analog 18F-fluoro-6-thia-heptadecanoic acid, have been
used to estimate FA uptake by BAT [33]; however, whether FA utiliza-
tion in BAT is dependent on UCP1-mediated thermogenesis and reflects
2

the BAT activity is still unclear. Therefore, understanding whether
cold-induced metabolic changes reflect BAT thermogenesis or occur
independently of the thermogenic function of BAT is important. In this
study, we conducted a comprehensive analysis of cold-induced changes
in metabolite composition and gene expression in BAT using wild-type
(WT) and UCP1-KO mice.

2. Materials and methods

2.1. Animals

The experimental procedures and care of animals were approved by
the Animal Care and Use Committee of Hokkaido University. All exper-
iments usingmicewere conducted in an animal facility approved by the
Association for Assessment andAccreditation of Laboratory Animal Care
International. Mice were bred and housed in plastic cages placed in a
temperature-controlled room at 23 °C ± 2 °C with a 12:12 h light/
dark cycle and given free access to laboratory chow (Oriental Yeast,
Tokyo, Japan) and tap water.

For the first experiment, male C57BL/6J mice (5 weeks old) were
purchased from Japan SLC Inc. (Hamamatsu, Japan). After the 1-week
acclimation period, mice were singly housed and randomly divided
into three experimental groups. Control mice were kept at room tem-
perature, 23 °C ± 2 °C. The other two groups of mice were exposed to
cold temperature (4 °C) for 4 or 24 h. For the second experiment,
UCP1-KO (Ucp1−/−) mice were kindly provided by Dr. L. Kozak
(Pennington Biomedical Research Center, Baton Rouge, LA, USA).
UCP1-KO mice and their WT littermates (10 weeks old) were singly
housed, and control mice were kept at room temperature (23 °C ± 2
°C), whereas the other mice were exposed to cold temperature (10
°C) for 4 h. Mice were given free access to laboratory chow during
cold exposure. Mice were euthanized via cervical dislocation, and
interscapular BAT and inguinal and perigonadal WAT were dissected
and transferred into liquid nitrogen or RNAlater (Thermo Fisher Scien-
tific, Gaithersburg, MD, USA). Five mice for each group were used. Sam-
pling was conducted between 1:00 p.m. and 3:00 p.m.

2.2. Metabolomic analyses

Targeted profiling of amino acid metabolites was performed by cap-
illary electrophoresis time-of-flight mass spectrometry (CE ± TOF/MS)
using an Agilent 7100 CE Capillary Electrophoresis system equipped
with an Agilent 6230 time-of-flight mass spectrometer (Agilent Tech-
nologies, Palo Alto, CA, USA) according to the methods described previ-
ously [34]. In brief, frozen adipose tissue samples were homogenized in
methanol containing internal standards (H3304-1002, HumanMetabo-
lome Technology Inc., Yamagata, Japan); subsequently, both chloroform
and Milli-Q water were added to the sample solution. The solution was
centrifuged, and the aqueous fraction was centrifugally filtered through
an Ultrafree MC-PLHCC filter (Human Metabolome Technology Inc.).
The filtrate was dried and dissolved in Milli-Q water containing refer-
ence compounds (H3304-1004, Human Metabolome Technology Inc.).
CE-TOF/MS conditions were as reported previously [35]. Cationic me-
tabolites were analyzed using a fused silica capillary (50-μm interior di-
ameter (i.d.), Å~, 80-cm total length) with cation buffer solution
(Human Metabolome Technologies) as the electrolyte. The sample
was injected at a pressure of 50 mbar for 10 s. The applied voltage
was set at 27 kV. Electrospray ionization (ESI)-mass spectrometry was
conducted in the positive ion mode, and the capillary voltage was set
at 4000 V. To detect anionic metabolites, a cationic polymer capillary
(50-μm i.d. Å~, 80-cm total length) was used with anionic buffer
(H3302-1021). The sample was injected at a pressure of 50 mbar for
25 s, and the applied voltage was 30 kV. ESI-TOF/MSwas set in the neg-
ative ion mode with 3.5 kV for anionic metabolites.

The spectrometer was scanned from 50 to 1000 m/z. An automatic
recalibration of each acquired spectrum was performed using the



Table 1
Primer sequences for quantitative real-time PCR.

Gene symbol: forward, and reverse primer sequence

Acaca: 5′-TCGGCACATGGAGATGTACG-3′, 5′-GATCTACCCGACGCATGGTT-3′
Acly: 5′-TCAGTCCCAAGTCCAAGATCC-3′, 5′-TCTCGGGAACACACGTAGTC-3′
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masses of reference standards. For CE-MS system control and data ac-
quisition, we used an Agilent MassHunter software for TOF/MS (Agilent
Technologies). All target metabolites were identified by matching their
m/z values andmigration timeswith the normalizedm/z values andmi-
gration times of corresponding authentic standard compounds.
Aspa: 5′-TGGAGACATGGCTGCTGTTATT-3′, 5′-ATCTCCAGGGTGCAATGGTTT-3′
Fasn: 5′-AAGTACCATGGCAACGTGAC-3′, 5′-CAATGATGTGCACAGACACC-3′
Gclc: 5′-AAGGACGTGCTCAAGTGGG-3′, 5′-AGGCGTTCCTTCGATCATGT-3′
Gls2: 5′-GGTTCAGCAATGCCACATTC-3′, 5′-TCACAGGTAACCTCCACAGA-3′
Glud1: 5′-ACTGACGTGAGTGTGGATGA-3′, 5′-TCCATAGTGAACCTCCGTGT-3′
Gss: 5'-GCACTGGGTCGTACCGAAG-3′, 5'-TATGGCCTGCTTTGCCAGTT-3′
Me1: 5′-GACCCGCATCTCAACAAGGAC-3′, 5′-TCATTTCTGTCTTGCAGGTCCA-3′
Scd1: 5′-CCAAGCTGGAGTACGTCTGG-3′, 5′-CAGAGCGCTGGTCATGTAGT-3′
TFIIB: 5′- TGGAGATTTGTCCACCATGA-3′, 5′-GAATTGCCAAACTCATCAAAACT-3′
2.3. Affymetrix GeneChip array analysis

2.3.1. Labeling protocol
Total RNAwas extracted using TRIzol reagent (Thermo Fisher Scien-

tific) according to the manufacturer's instructions. Cyanine-3 (Cy3)-la-
beled cRNA was prepared from 150 ng RNA using the One-Color Low
Input Quick Amp Labeling kit (Agilent) according to themanufacturer's
instructions, followed by RNAeasy column purification (QIAGEN,
Hilden, Germany). Dye incorporation and cRNA yield were verified
with the NanoDrop ND-1000 Spectrophotometer.

2.3.2. Hybridization protocol
Cy3-labeled cRNA (600 ng; specific activity >6 pmol Cy3/μg cRNA)

was fragmented at 60 °C for 30 min in a reaction volume of 25 μl, con-
taining 25 X Agilent fragmentation buffer and 10 X Agilent blocking
agent, following the manufacturer's instructions. On the completion of
the fragmentation reaction, 25 μl of 2× Agilent hybridization buffer
was added to the fragmentation mixture and hybridized to Agilent
SurePrint GE Unrestricted Microarrays (G2519F) for 17 h at 65 °C in a
rotating Agilent hybridization oven. After hybridization, microarrays
were washed for 1 min at room temperature with GE Wash Buffer 1
(Agilent) and 1 min with 37 °C GE Wash Buffer 2 (Agilent) and then
dried immediately.

2.3.3. Scan protocol
Slides were scanned immediately after washing on the Agilent DNA

Microarray Scanner (G2505C) using the one-color scan setting for
8x60K array slides (scan area, 61 × 21.6 mm; scan resolution, 3 μm;
dye channel, green; green PMT, 100%).

2.3.4. Data processing
The scanned images were analyzed with Feature Extraction Software

10.7.1.1 (Agilent) using default parameters (protocol GE1_107_Sep09
and Grid: 028282_D_F_20110531) to obtain background subtracted and
spatially detrended processed signal intensities. Features flagged in Fea-
ture Extraction as Feature Non-uniform outliers were excluded. Data
were analyzed using GeneSpring software (Agilent).
2.4. Real-time PCR

Total RNA was extracted using TRIzol reagent (Thermo Fisher
Scientific) according to the manufacturer's instructions, and reverse-
transcribed using a 15-mer oligo(dT) adaptor primer and M-MLV re-
verse transcriptase (Promega, Madison, WI, USA). Real-time PCR was
performed on a fluorescence thermal cycler (LightCycler system;
Roche, Mannheim, Germany) using Brilliant III Ultra-Fast SYBR Green
QPCR Mater Mixes (Agilent Technologies). The relative expression
levels were calculated by the comparative cycle threshold (ΔΔCt)
method using TFIIB as the housekeeping gene. The primers used are
listed in Table 1.
2.5. Data analysis

Values are expressed as mean ± SE. Statistical analyses were per-
formed using one-way or two-way analysis of variance (ANOVA),
followed by the Tukey's Honest Significant Difference (HSD) post-
hoc test.
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3. Results

First, we examined the effect of cold exposure (4 °C) for 4 and 24 h
on the carbohydrate metabolite contents in BAT and WAT of inguinal
(IWAT) and perigonadal (GWAT) depots (Fig. 1A, Table 2). In BAT, 4-h
cold exposure tended to increase metabolites in the glycolysis pathway,
including glucose 6-phosphate (G-6-P), fructose 6-pohoshate (F-6-P),
fructose 1,6-bisphosphate (FBP), and phosphoenolpyruvic acid, and sig-
nificantly increased lactic acid. These changes were sustained after 24-h
cold exposure, indicating the continuous enhancement of aerobic
glycolysis. Metabolites of the pentose phosphate pathway, including
6-phosphogluconic acid, ribulose 5-phosphate, and sedoheptulose 7-
phosphate, were gradually increased by cold exposure, being signifi-
cantly higher after 24-h exposure compared to the control group.
After 4 h, intermediates of the tricarboxylic acid (TCA) cycle, except
for only isocitric acid, also showed an increase, which sustained at 24-
h cold exposure. Glucose 1-phosphate (G-1-P) increased transiently at
4 h but decreased at 24 h. Glycerol 3-phosphate increased after cold ex-
posure, being significantly higher at 24-h exposure compared to the
control.

In WAT of the control group, most of the carbohydrate metabolites
were significantly lower than that in BAT. In IWAT, 4-h cold exposure
did not cause significant changes in carbohydrate metabolite contents,
but 24-h exposure led to a significant increase in metabolites of glycol-
ysis and the pentose phosphate pathway, demonstrating comparable
levels to those in BAT. Cold exposure for 24 h showed a significant in-
crease in some of the TCA cycle intermediates compared to the control
group, but the levels of these intermediates were still very low com-
pared to those in BAT. Cold exposure caused slight changes in metabo-
lite contents in GWAT; however, the responses were much weaker
than those in IWAT.

The effect of cold exposure on amino acid content was also exam-
ined (Fig. 1B, Table 3). In BAT, 4-h cold exposure largely increased
the levels of most of the amino acids examined, and this change
was sustained after 24 h. Only the levels of glycine were kept con-
stant during cold exposure. In IWAT of the control group, the basal
levels of amino acids, except for methionine and lysine, were signif-
icantly lower than those in control BAT. Cold exposure for 4 h signif-
icantly increased the levels of alanine, threonine, and isoleucine, but
failed to induce changes in other amino acids, whereas 24-h expo-
sure significantly increased levels of most of the amino acids. The
levels of glycine, glutamine, glutamate, and methionine were not
changed during cold exposure. Basal levels of amino acids in GWAT
expect for methionine were significantly lower than those in BAT,
and approximately half of the amino acids showed a significant in-
crease at 24 h of cold exposure. These results indicate that cold expo-
sure induces drastic changes in amino acid levels in adipose tissues.
In addition, amino acid levels were already altered 4 h after the
start of cold exposure in BAT, but the response in WAT required a
longer period of exposure.



Fig. 1. Effect of cold exposure on metabolites in adipose tissue of wild-type mice. Male C57BL/6J mice (6 weeks old) were exposed to cold (4 °C) for 4 or 24 h. Control mice were kept at
room temperature (23 °C). Interscapular brown adipose tissue (BAT) and inguinal and perigonadal white adipose tissue (IWAT and GWAT, respectively) were collected, and the
concentration of each metabolites was measured. (A) Carbohydrate metabolite levels in BAT, IWAT, and GWAT are expressed in a heat map as the log value of fold change compared
to the values in BAT of control mice. (B) Amino acid contents in tissues are expressed as fold change compared to the contents in BAT of control mice. Small circles and solid lines
indicate one- and twofold levles, respectively, while dotted lines indicate threefold levels. Values represent means of 3–5 samples in each group.
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As the content of carbohydrate metabolites and amino acids in BAT
changed drastically after 4-h cold exposure, we next evaluated if these
metabolic changes were dependent on UCP1 activity using UCP1-KO
mice. Since UCP1-KO mice are cold-intolerant [6], a milder cold condi-
tion (10 °C) was chosen for this experiment. In WT mice, mild cold ex-
posure induced a tendency of increase in metabolites of the glycolytic
pathway and a significant increase in lactic acid, similar to the 4 °C con-
dition in WT mice (Fig. 1A), although the degree of induction was
slightly reduced (Fig. 2A). In contrast, glycolysis metabolites including
G-6-P, F-6-P, and FBP significantly decreased in UCP1-KOmice. Lactic
acid levels did not change after cold exposure, although the basal
level tended to be higher in UCP1-KO mice compared to that in WT
mice (Fig. 2B). Metabolites of the pentose phosphate pathway
tended to increase in WT mice, but changes were negligible in
UCP1-KO mice after cold exposure. Intermediates of the TCA cycle
upstream of α-ketoglutaric acid (citric acid, cis-aconitic acid, and
isocitric acid) were tended to increase in both WT and UCP1-KO
mice; however, intermediates downstream of α-ketoglutaric acid
(succinic acid, fumaric acid, and malic acid) showed significant in-
crease only in WT, but not in UCP1-KO, mice after cold exposure. G-
1-P increased after cold exposure in WT, but not in UCP1-KO, mice.
Glycerol 3-phosphate was significantly increased inWTmice and de-
creased in UCP1-KO mice after cold exposure.
4

The effect of mild cold exposure (10 °C) on amino acids in WT mice
wasminimal but demonstrated a similar pattern to that observed at 4 °C
(Figs. 1B, 3A). The basal level of amino acids was similar between WT
and UCP1-KO mice. Proline, tryptophan, and phenylalanine levels
were significantly increased in both WT and UCP1-KO mice after cold
exposure. Cold exposure significantly increased glutamine specifically
inWTmice and significantly increased BCAAs, including valine, leucine,
and isoleucine, specifically inUCP1-KOmice. Surprisingly, aspartatewas
almost completely depleted after cold exposure in UCP1-KO mice.

GeneChip array analysis of BAT revealed that there were 2865
genes upregulated by cold exposure in WT mice, and 838 of these
genes were also upregulated and 74 were downregulated in UCP1-
KO mice (Fig. 4A). Pathway analysis of gene sets upregulated by
cold exposure revealed the enrichment of genes involved in glycol-
ysis and glycogen metabolism in WT mice (Fig. 4B), consistent
with the observed metabolite changes. In UCP1-KO mice, although
the levels of metabolites of the glycolysis pathwaywere significantly
decreased and metabolites of the pentose phosphate pathway were
not changed, the gene expression of enzymes in these pathways
seemed to be enhanced by cold exposure. Activation of the “oxida-
tive stress” and “selenium metabolism selenoproteins” pathways
inWTmice suggests the enhanced glutathione disulfide (GSSG) syn-
thesis from glutathione (GSH), which requires selenium. In WT
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Table 3
Amino acids in adipose tissues.

2-way ANOVA p-value

Amino acid BAT IWAT GWAT BAT vs
IWAT

BAT vs
GWAT

IWAT vs
GWAT

(n mole/g
tissue)

Cont 4h 24h Cont 4h 24h Cont 4h 24h

Gly 507 ± 28 673 ± 61 588 ± 57 328 ± 29 296 ± 30 417 ± 40 414 ± 40 325 ± 45 442 ± 38 <0.01 <0.01
Ala 750 ± 181 1,993 ± 83 ⁎ 1,420 ± 125 ⁎⨥ 330 ± 39 592 ± 51 ⁎ 929 ± 77 ⁎⨥ 207 ± 13 288 ± 23 ⁎ 392 ± 16 ⁎⨥ <0.01 <0.01
Ser 205 ± 17 359 ± 22 ⁎ 383 ± 30 ⁎ 129 ± 12 129 ± 10 206 ± 11 ⁎⨥ 83 ± 9 82 ± 9 129 ± 10 ⁎⨥ <0.01 <0.01 <0.01
Pro 84 ± 9 286 ± 19 ⁎ 240 ± 18 ⁎ 52 ± 5 74 ± 7 145 ± 13 ⁎⨥ 36 ± 7 41 ± 6 63 ± 5 ⁎ <0.01 <0.01 0.04
Val 102 ± 8 250 ± 5 ⁎ 213 ± 14 ⁎⨥ 69 ± 7 108 ± 8 186 ± 17 ⁎⨥ 39 ± 3 57 ± 9 80 ± 5 ⁎ <0.01 <0.01 <0.01
Thr 174 ± 12 504 ± 33 ⁎ 432 ± 36 ⁎ 87 ± 8 135 ± 14 ⁎ 226 ± 9 ⁎⨥ 54 ± 3 83 ± 12 135 ± 13 ⁎⨥ <0.01 <0.01
Ile 36 ± 2 66 ± 3 ⁎ 59 ± 3 ⁎ 30 ± 2 37 ± 4 ⁎ 60 ± 5 ⁎⨥ 21 ± 3 18 ± 3 26 ± 2 ⁎⨥ <0.01 <0.01
Leu 73 ± 5 153 ± 6 ⁎ 133 ± 10 ⁎ 64 ± 4 88 ± 8 122 ± 9 ⁎⨥ 34 ± 5 39 ± 7 56 ± 4 ⁎ <0.01 <0.01 <0.01
Asn 40 ± 3 54 ± 4 75 ± 5 ⁎⨥ 30 ± 3 30 ± 3 54 ± 3 ⁎⨥ 16 ± 2 16 ± 2 33 ± 2 ⁎⨥ <0.01 <0.01 <0.01
Asp 253 ± 9 407 ± 30 ⁎ 456 ± 38 ⁎ 177 ± 18 149 ± 20 253 ± 17 ⁎⨥ 67 ± 4 84 ± 11 144 ± 14 ⁎⨥ <0.01 <0.01 <0.01
Gln 869 ± 97 1,825 ± 74 ⁎ 2,128 ± 264 ⁎ 484 ± 47 413 ± 37 600 ± 99 218 ± 100 323 ± 61 570 ± 82 ⁎ <0.01 <0.01
Lys 132 ± 10 290 ± 56 ⁎ 300 ± 14 ⁎ 106 ± 10 115 ± 10 329 ± 83 ⁎⨥ 144 ± 56 77 ± 21 129 ± 11 <0.01
Glu 789 ± 97 1,333 ± 92 ⁎ 1,332 ± 82 ⁎ 456 ± 37 480 ± 39 560 ± 149 175 ± 39 297 ± 30 425 ± 28 ⁎⨥ <0.01 <0.01 0.02
Met 28 ± 2 40 ± 3 ⁎ 40 ± 3 ⁎ 28 ± 2 27 ± 4 45 ± 9 14 ± 2 17 ± 3 26 ± 2
His 40 ± 3 55 ± 3 60 ± 5 ⁎ 17 ± 7 22 ± 2 38 ± 4 ⁎ 3 ± 3 14 ± 3 24 ± 4 ⁎ <0.01 <0.01
Phe 38 ± 2 71 ± 3 ⁎ 66 ± 4 ⁎ 28 ± 4 40 ± 2 67 ± 4 ⁎⨥ 14 ± 3 21 ± 3 31 ± 2 ⁎⨥ <0.01 <0.01 <0.01
Arg 57 ± 3 105 ± 17 ⁎ 108 ± 6 ⁎ 39 ± 3 38 ± 3 94 ± 9 ⁎⨥ 30 ± 4 26 ± 6 44 ± 4 <0.01 <0.01 0.02
Tyr 58 ± 4 83 ± 9 92 ± 9 ⁎ 35 ± 5 37 ± 4 64 ± 6 ⁎⨥ 14 ± 3 21 ± 3 37 ± 2 ⁎⨥ <0.01 <0.01
Trp 17 ± 1 31 ± 3 ⁎ 27 ± 2 ⁎ 13 ± 1 15 ± 1 22 ± 3 ⁎⨥ 8 ± 1 8 ± 1 11 ± 0 ⁎⨥ <0.01 <0.01 <0.01

⁎ p < 0.05 vs cont.
⨥ p < 0.05 vs 4 h.
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mice, the glycogen metabolism pathway was also enriched. In con-
trast, pathways related to ketone body and cholesterol metabolism
were enriched in UCP1-KO mice.

Pathway analysis showed the enhanced FA β oxidation both in WT
andUCP1-KOmice (Fig. 4B). In addition, TG synthesis pathwaywere en-
hanced by cold exposure in bothmice, suggesting the enhanced replen-
ishment of intracellular lipid stores simultaneous with FA oxidation.
Genes related to TG hydrolysis and FA uptake were upregulated both
in WT and UCP1-KO mice (Fig. 4C). These data indicated that lipid me-
tabolism was strongly enhanced by cold exposure in both mice. Inter-
estingly, the expression of genes related to de novo FA synthesis were
strongly induced in UCP1-KO mice, whereas Elovl3 and 6, enzymes re-
quired for FA elongation thatwere reported to be important in BAT ther-
mogenesis [36–38], were upregulated in both WT and UCP1-KO mice.
The cold-induced enhancement of the expressions in Acly, Acaca, Fasn,
and Scd1 in UCP1-KO, but not in WT, mice were also confirmed by
real-time PCR.

Genes related to alanine and aspartatemetabolismwere enriched by
cold exposure inWTmice (Fig. 4B). Consistently, aspartate level tended
to decrease upon cold exposure, but the effectwasmore robust inUCP1-
KOmice (Fig. 3B). Gene expression of cytosolic aspartate aminotransfer-
ase (AST1), which catalyze the conversion of aspartate to oxaloacetic
acid and is important for glyceroneogenesis [39], was highly induced
inWT andUCP1-KOmice (Fig. 4D). In bothmice, expressions of two en-
zyme involved in oxaloacetic acid metabolism, phosphoenolpyruvate
carboxykinase 1 and malate dehydrogenase (MDH), were upregulated.
In UCP1-KO mice, malic enzyme 1 (ME1) expression was significantly
enhanced by cold exposure, suggesting that part of the aspartate-
derived oxaloacetic acid was converted to pyruvic acid. Aspartate has
been reported to be utilized for the production of N-acetyl-aspartate
[40], but N-acetyl-aspartate synthetase (Asp-NAT, encoded by Nat8l),
an enzyme responsible for this reaction, was actually decreased upon
cold exposure in WT and UCP1-KO mice. However, aspartoacylase
(ASPA) expression,which catalyzes the deacetylation ofN-acetyl-aspar-
tate and produces aspartate, was significantly induced only inWTmice.

Consistentwith the increase in glutamine following cold exposure in
WT, but not in UCP1-KO, mice (Fig. 3B), the expressions of genes
encoding enzymes related to glutamine metabolism, such as glutamin-
ase (GLS2) and glutamate dehydrogenase (GLUD1),were also increased
by cold exposure in WT mice (Fig. 4E). Genes encoding glutamate
6

ammonia ligase (GLUL) was upregulated by cold exposure in both
mice. Cold exposure showed significant or tendency of upregulation in
the expression of gene encoding glutamate-cysteine ligase catalytic
subunit (GCLC) and glutathione synthetase (GSS) in WT mice, suggest-
ing that glutamine-derived glutamate was used for glutathione synthe-
sis. Taken together, these results suggest active glutamine utilization in
BAT of WT mice.

4. Discussion

It is well known that BAT vigorously increases glucose utilization
upon cold exposure. Glucose uptake is dependent on UCP1 thermogen-
esis [21], hence used in the detection of human brown fat by PET-CT
[9,29–31]. On the other hand, some studies suggest that this method
does not always reflect BAT activity. For example, human studies sug-
gest that glucose uptake in BAT is partially dependent on insulin, be-
cause glucose accumulation in BAT is observed in lean, but not in
insulin-resistant obese, subjects [30,31]. Indeed, insulin and cold stimu-
lation enhance glucose uptake into human brown fat via distinct mech-
anisms [41]. In this study, we observed that glycolysis metabolites were
increased after cold exposure in WT mice but were significantly de-
creased in UCP1-KO mice. In addition, lactic acid levels robustly in-
creased by cold exposure in WT mice, suggesting that a large
proportion of the glucose incorporated in BAT upon cold exposure is
metabolized via anaerobic glycolysis. In UCP1-KO mice, cold exposure
did not change lactic acid levels, although the basal level was rather
high compared toWTmice. These results clearly showed that glycolysis
and lactic acid production are enhanced as a result of UCP1-mediated
thermogenesis. Notably, the levels of G-1-P, an initial substrate for gly-
cogen synthesis, were significantly increased by cold exposure in WT,
but not in UCP1-KO, mice. Consistent with this, gene enrichment
analysis indicated the enhancement of glycogen metabolism in WT
mice. Previous studies have demonstrated that BAT accumulates signif-
icant amounts of glycogen, although the effect of cold exposure on gly-
cogen synthesis is controversial [42–44]. It is possible that the
enhancement of glycogen synthesis occurs subsequent to enhanced glu-
cose uptake, as glucose-derived G-6-P activates glycogen synthase via
allosteric binding [45]. As previously reported [46], TCA cycle was accel-
erated after cold exposure inWTmice. In UCP1-KOmice, intermediates
such as citric acid, aconic acid, and isocitric acid were increased upon



Fig. 2. Effect of cold exposure on carbohydratemetabolites in brown adipose tissue ofwild-type andUCP1-KOmice.Malewild-type (WT) andUCP1-KOmice (10weeks old)were exposed
to cold (10 °C) for 4 h. Control micewere kept at room temperature (23 °C). Interscapular brown adipose tissue (BAT)was collected, and carbohydratemetaboliteswere analyzed. (A) The
amount of eachmetabolites is expressed in a heatmap as the log value of fold change compared to the value in BAT of control mice. * p<0.05 compared to control group of each genotype
(student's t-test). (B) Graphs for selected metabolites from panel (A). Values represent means±SE of 5 samples in each group. *p < 0.05 (one-way ANOVA followed by Tukey's Honest
Significant Difference test).
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cold exposure, although intermediates downstream of α- ketoglutaric
acid were unchanged, suggesting that isocitrate dehydrogenase activity
was inhibited by the high NADH/NAD ratio.

Pathway analysis of gene sets upregulated by cold exposure revealed
active FA oxidation and TG synthesis in both genotypes of mice, indicat-
ing that cold-induced activation of these pathways is independent of
UCP1-mediated thermogenesis. On the other hand, genes encoding
key enzymes for de novo FA synthesis were greatly induced only in
UCP1-KO mice. These results suggest that, in UCP1-KO mice, FA
oxidation-derived acetyl-CoA was converted to citric acid and utilized
for active de novo FA synthesis, in contrast to WT mice where FA
oxidation-derived acetyl-CoA was oxidized through the TCA cycle and
oxidative phosphorylation. It was reported that UCP1- KO mice can ac-
climate to cold environment by enhancing compensatory mechanisms
of non-shivering thermogenesis independently of UCP1 [47]. In addi-
tion, a futile cycle of lipid oxidation and lipogenesis has been suggested
as a mechanism of UCP1-independent thermogenesis in WAT [48].
Thus, it is plausible that the enhancement of both FA oxidation and syn-
thesis in BAT of UCP1-KO mice may contribute to the UCP1-
independent thermogenesis induced in compensation for the lack of
7

UCP1. In addition, this enhancement of de novo synthesis in UCP1-KO
mice may explain the larger lipid accumulation in BAT compared to
that in WT mice [10]. It is to be noted that de novo lipogenesis is re-
ported in normal (WT) mice and rats when chronically exposed to
cold environments [49–51]. Thus, acetyl-CoA is possibly consumed as
a substrate for thermogenesis during an early phase of cold exposure
and then for FA synthesis to replenish TG droplets during a later phase
in WT mice.

Amino acid levels in BAT drastically changed upon cold exposure in
bothWT and UCP1-KOmice. In particular, we found that cold exposure
significantly increased glutamine content specifically in WT mice but
decreased aspartate and increased BCAAs specifically in UCP1-KO
mice. It was unclear if these changes reflect uptake, utilization, produc-
tion, or export of these amino acids. According to Lopez-Soriano et al.
[25], higher glutamine content inWTmice is likely due to increased up-
take. Indeed, adipose tissue is known to have active glutamine metabo-
lism [52] and also contains high level of active GLS, an enzyme
responsible for the conversion of glutamine to glutamate, reaching ap-
proximately 33%of the entire enzymeactivity in rat lymphocytes or kid-
ney [53]. Consistent with this, we observed that gene expression of GLS



Fig. 3. Effect of cold exposure on amino acids in brown adipose tissue ofwild-type andUCP1-KOmice.Malewild-type (WT) andUCP1-KOmice (10weeks old)were exposed to cold (10 °C) for
4 h. Control micewere kept at room temperature (23 °C). Interscapular brown adipose tissuewas collected, and amino acid content was analyzed. (A) Amino acids in tissuewere expressed as
fold change compared to the value in controlWTmice. Small circles with a solid line and dotted lines indicate onefold and twofold expression, respectively. Values are expressed asmeans, and
shaded areas indicate standard error, n=5. * p < 0.05 compared to the control group of each genotype (student's t-test). (B) Graphs for select amino acids from panel (A). Values represent
means±SE for 5 samples in each group. *p < 0.05 (one-way ANOVA followed by Tukey's Honest Significant Difference test).
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was increased after cold exposure inWTmice, supporting that the cold-
induced increase of glutamine was due to the enhanced uptake from
circulation. In cultured brown adipocytes, several lines of evidence
have shown that glutamine was oxidized in response to ß-AR stimula-
tion [53,54], possibly through the conversion to α-ketoglutaric acid,
which enters TCA cycle. Consistent with this, the upregulation of the
gene encoding GLUD1, an enzyme that catalyzes the production of
α-ketoglutaric acid from glutamate, was found inWTmice only. Collec-
tively, these data suggest that glutamine is utilized as an important en-
ergy substrate for BAT thermogenesis in vivo. On the other hand,
transcriptome analysis suggested that glutamine was also utilized for
glutathione synthesis to defend against oxidative stress caused by
highmitochondrial activity during thermogenesis. However, the contri-
bution of this pathway to the total glutamine utilization seems to be rel-
atively small; cold-induced increase in total glutathione (GSH and
GSSG) was ~60 nanomoles/g tissue, compared to the total increase in
glutamine (~700 nanomoles/g tissue). Therefore, this pathway accounts
for ~15% of glutamine uptake in BAT upon cold exposure. It is unknown
how UCP1-mediated thermogenesis induces glutamine uptake in BAT,
but hypoxia induced by UCP1-mediated thermogenesis is plausibly
involved in this regulation [55]. Hypoxia was reported to increase the
uptake of glutamine, which is used for citrate production from α-
ketoglutaric acid [56] or de novo FA synthesis [57]. Although we did
8

not observe any change in the expression of glutamine transporter
SLC1A5, a new mitochondrial isoform of SCL1A5 specifically induced
by hypoxia was reported very recently [58]. Thus, further study is re-
quired to understand the mechanism and significance of cold-induced
UCP1-dependent glutamine metabolism in BAT.

Pathway analysis of gene sets upregulated by cold exposure
showed enhancement of alanine and aspartate metabolism in WT
mice. Although these amino acid levels were not significantly
changed, the expression of ASPA, an enzyme that produces aspartate
fromN-acetyl-aspartate, which is reported to be accumulated and af-
fect lipid metabolism in BAT [40], was robustly upregulated by cold
exposure inWTmice. In addition, we identified the cold-induced up-
regulation of AST1 expression, indicating the enhanced aspartate
consumption. These results suggest that cold stimulation induces ac-
tive aspartate turnover in BAT of WT mice. It was reported that as-
partate is inefficiently transported into most mammalian cells [59],
and that cold exposure has no effect on the uptake or release of as-
partate after cold exposure in BAT of rats [25]. Therefore, it is possi-
ble that N-acetyl-aspartate serves as an aspartate source in BAT and
compensates for the cold-induced loss of intracellular aspartate. In
contrast to WT mice, ASPA expression was not affected in UCP1-KO
mice, but AST1 was upregulated by cold exposure similar to WT mice.
As AST1 was reported to play an important role in glyceroneogenesis



Fig. 4. Effect of cold exposure on gene expression in brown adipose tissue ofwild-type and UCP1-KOmice. (A) Cold-induced changes in gene expressionwere analyzed by GeneChip array
using brown adipose tissue samples in Figs. 2 and 3. (B) Pathway analysis of genes upregulated by cold exposure in wild-type (WT) mice or UCP1-KO mice. Heat maps were used to
visualize the expression level of genes related to lipid (C), aspartate (D), and glutamine (E) metabolism as log values of fold changes compared to the values in control mice of each
genotype. Real-time PCR was conducted to confirm the results of GeneChip array analysis. Expression levels were normalized to TFIIB expression and expressed relative to the value of
the control group of the same genotype. Values represent means±SE for 5 samples in each group. *p < 0.05 (Student's t-test). (For interpretation of the references to color in this
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in adipocytes [39,60], cold exposure may enhance the production of
glycerol-3-phosphate from aspartate-derived oxaloacetic acid, simulta-
neouswith the glycerol kinase pathway, irrespective of UCP1-mediated
thermogenesis. Gene expression analysis suggested that oxaloacetic
acid derived from aspartate was possibly metabolized by MDH to
malic acid inmice of both genotypes.Malic acid possibly entered the ac-
tively accelerated TCA cycle in WTmice. In UCP1-KOmice, the upregu-
lation of ME1 expression suggested that malic acid was converted to
pyruvic acid, and NADPH produced through this cytosolic reaction
may contribute to the active de novo FA synthesis. Thus, it is likely
that aspartate utilization is enhanced by cold exposure irrespective of
UCP1-mediated thermogenesis. The cold-induced drastic decrease in
aspartate in BAT of UCP1-KO mice was possibly due to the lack of re-
plenishment from N-acetyl-aspartate. Further study is required to un-
derstand the role of aspartate metabolism in BAT.

Gene enrichment analysis showed a weak but significant upregula-
tion of the purine metabolism pathway (WT mice, p = 0.014; UCP1-
9

KO mice, p = 0.032) upon cold exposure. Therefore, it is also possible
that aspartate was utilized as a precursor of purine nucleotides. It is
well known that cold stimulation induces proliferation of preadipocytes
and endothelial cells in BAT [3]. In addition, we previously reported that
brown adipocytes also proliferate upon cold exposure [61] and that this
proliferation is more rapidly induced after cold exposure than prolifera-
tion of stromal-vascular cells [62]. Upon active proliferation of these
cells, synthesis of cellular components such as nucleotides, proteins
and membrane phospholipids is required. Therefore, it is possible that
a part of cold-induced metabolic changes in part support cell prolifera-
tion in BAT. Increased glutamine and enhanced pentose phosphate
pathway-derived ribose-5-phosphatemay also contribute to nucleotide
synthesis, and high glycerol-3-phosphate may be used not only for TG
synthesis but also for the phospholipid synthesis in WT mice.

We found that cold exposure significantly increased BCAAs specifi-
cally in UCP1-KOmice. Lopez-Soriano et al. reported that BCAAs are ac-
tively incorporated from the blood to BAT of cold-exposed rats [25]. A
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recent study also revealed that BCAAs are actively utilized as a substrate
for UCP1-mediated thermogenesis inmice [28]. Thus, it is plausible that
BCAA incorporation in BAT is enhanced by cold exposure irrespective of
UCP1-mediated thermogenesis but that their utilization is dependent
on UCP1-mediated thermogenesis. Therefore, BCAAs incorporated in
BAT were consumed for thermogenesis in WT mice but were accumu-
lated in UCP1-KO mice due to the lack of thermogenesis.

In this study, we evaluated the cold-induced metabolic changes
in relation to the UCP1-dependent thermogenesis. On the other
hand, accumulating evidence has shown the mechanisms of
UCP1-independent non-shivering thermogenesis in other tissues
[47,63–67]. Thus, it cannot be ruled out that the metabolic changes
observed in this study reflect such UCP1-independent thermogen-
esis in UCP1-KO mice. In addition, cellular metabolism may also be
influenced by local temperature. Sympathetic activation of UCP1
increases BAT temperature by approximately 1.5 °C [10,21],
whereas UCP1-KO mice become hypothermia and body tempera-
ture drops below 30 °C upon exposure to 4 °C [68]. Although we
used milder cold condition (10 °C) in this study, the local temper-
ature around BAT may substantially different between WT and
UCP1-KO mice. Considering that temperature-dependent changes
in glucose or fatty acid metabolism were reported in other tissues
[69,70], it is possible that local temperature modifies cellular me-
tabolism in BAT. Interestingly, thermo-sensitive transient receptor
potential (TRP) channels were reported to be expressed in BAT
[71], although it is unknown whether these channels in BAT actu-
ally respond to local temperature itself.

In summary, this study revealed that cold exposure induces meta-
bolic pathways in WT and UCP1-KO mice, as illustrated in Fig. 5. In
WTmice, cold exposure increases glycolysis, and pyruvic acid is metab-
olized via the TCA cycle and also lactic acid synthesis. Glutamine may
provideα-ketoglutaric acid to the TCA cycle, and also serve as a precur-
sor of GSH to defend against oxidative stress caused by high mitochon-
drial activity. NADPH is produced through the active pentose phosphate
pathway and is used for the reduction of GSSG. In UCP1-KO mice, glu-
cose uptake does not increase upon cold exposure. Synthesis of FA and
Fig. 5. Cold-inducedmetabolic pathways inwild-type and UCP1-KOmice. (A) Inwild-typemice
TCA cycle and also synthesized into lactic acid. Glutamine providesα-ketoglutaric acid to the TC
caused by high mitochondrial activity. NADPH is produced via the active pentose phosphate p
glucose uptake is not increased after cold exposure. Synthesis of FA and TG is enhanced by c
may contribute to FA synthesis by supplying NADPH through the conversion to pyruvate in th
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TG is enhanced by cold exposure, contributing to the replenishment of
intracellular TGs. Aspartate possibly contributes to the FA synthesis by
supplying NADPH through its conversion first to oxaloacetic acid and
then to pyruvate acid in the cytosol.

5. Conclusions

This study revealed that cold exposure induces UCP1-mediated
thermogenesis-dependent glucose utilization and UCP1-independent
active lipid metabolism. In addition, cold exposure largely affected
amino acid metabolism in BAT, especially enhanced glutamine uptake
dependent onUCP1-mediated thermogenesis. These results contribute
to a comprehensive understanding of UCP1-mediated thermogene-
sis both dependent on and independent of BAT metabolism and re-
vealed unique amino acid utilization in BAT. These results may
provide useful information for the development of tracers for imag-
ing of BAT activity.
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