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The early metabolomic response 
of adipose tissue during acute cold 
exposure in mice
Xiyuan Lu1, Ashley Solmonson2,3, Alessia Lodi1, Sara M. Nowinski2, Enrique Sentandreu1, 

Christopher L. Riley3, Edward M. Mills2,3 & Stefano Tiziani1,3

To maintain core body temperature in cold conditions, mammals activate a complex multi-organ 

metabolic response for heat production. White adipose tissue (WAT) primarily functions as an energy 

reservoir, while brown adipose tissue (BAT) is activated during cold exposure to generate heat from 

nutrients. Both BAT and WAT undergo specific metabolic changes during acute cold exposure. Here, 
we use an untargeted metabolomics approach to characterize the initial metabolic response to 

cold exposure in multiple adipose tissue depots in mice. Results demonstrate dramatically distinct 

metabolic responses during cold exposure in BAT and WAT. Amino acids, nucleotide pathways, and 

metabolites involved in redox regulation were greatly affected 4 hours post-exposure in BAT, while no 
polar metabolites were observed to significantly change in WAT depots up to 6 hours post exposure. 
Lipid metabolism was activated early (2 hours) in both BAT and the subcutaneous WAT depots, with 
the most striking change being observed in the modulation of diglyceride and monoglyceride levels in 

BAT. Overall, these data provide a timeline of global thermogenic metabolism in adipose depots during 

acute cold exposure. We have highlighted differences in visceral and subcutaneous WAT thermogenic 
metabolism and demonstrate the distinct metabolism of BAT during cold exposure.

Regulation of body temperature is an essential element of mammalian life which requires activated metabolism 
in brown and white adipose tissues. �e increased number of mitochondria and the expression of uncoupling 
protein 1 (UCP1) in brown adipose tissue (BAT) support its specialized thermogenic function and distinct meta-
bolic activity1, 2. Upon activation by lipid binding, BAT UCP1 promotes uncoupled respiration by dissipating the 
mitochondrial proton gradient to generate heat3. �e recent discovery of a population of white adipocytes (beige 
adipocytes4, 5) with the capacity to induce UCP1 and uncoupled respiration has accelerated mechanistic stud-
ies to understand the gene regulatory networks that promote thermogenic metabolism6. �e increased energy 
expenditure induced by UCP1 is su�cient to combat obesity7, encouraging deeper examination of the metabolic 
events that occur concomitantly with thermogenesis. Beige adipocytes are more abundant in subcutaneous fat 
compared with visceral fat a�er cold exposure8, and comprehensive studies have demonstrated distinct transcrip-
tional responses in brown, subcutaneous (SWAT) and visceral white (VWAT) adipose tissues during activated 
thermogenesis9. Recent reports have suggested that mitochondrial reactive oxygen species (ROS) play a critical 
role in regulating thermogenesis and UCP1 activity10. Cold exposure is associated with increased mitochondrial 
superoxide and oxidation of lipids and proteins in BAT10. Furthermore, acute cold exposure (3 hours at 4 °C) leads 
to increased oxidation and depletion of reduced glutathione (GSH) in BAT accompanied by increased protein 
thiol oxidation, which has been proposed as a vital signaling mechanism required for UCP1-induced thermo-
genic metabolism10. Mice exposed to 4 °C for 20 hours show a similar depletion in GSH level in WAT with no dif-
ference observed in BAT at that time point11. Additionally, systemic depletion of mitochondrial ROS prior to cold 
exposure is su�cient to induce hypothermia a�er one hour cold exposure10. Collectively, this evidence suggests 
there are metabolic events that occur within the initial hours of cold exposure, which are critical for thermogene-
sis and include mitochondrial ROS signaling, glutathione oxidation and a depletion of GSH occurring temporally 
in various tissues during cold exposure.
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Here, we characterize the metabolome12–14, a global set of small molecules, within adipose tissue depots 
at thermoneutrality (30 °C) and during a time course (2–6 hours) of acute cold exposure by combining 
high-resolution magnetic resonance spectroscopy (MRS) and ultra-high pressure liquid chromatography-mass 
spectrometry (UHPLC-MS) analytical platforms13, 15–17. Our analysis of adipose tissue metabolism supports the 
�ndings that BAT thermogenesis is associated with glutathione depletion a�er acute cold exposure. Interestingly, 
the cold-induced, global metabolic response in WAT, from both subcutaneous and visceral origins, occurred later 
and/or slower than in BAT: no signi�cant changes were observed in polar metabolite levels in SWAT and VWAT 
at any time point during the 6 hours of cold exposure. Lipid metabolites in SWAT had a transitory response to 
cold exposure, with signi�cant modulation of several lipid metabolites a�er 2–4 hours of cold exposure, followed 
by a return to thermoneutral levels at 6 hours. �e study design and technologies applied have generated a data 
set of acute cold-induced metabolism in multiple tissues simultaneously that may guide further investigations 
of thermogenic regulation and support the development of anti-obesity therapeutics that target thermogenic 
mechanisms4, 5, 18.

Results
Multivariate statistical analysis reveals metabolic effects on adipose tissues during early acute 
cold-exposure. To determine the variation in metabolic pro�les of di�erent adipose tissues and investigate 
the metabolic modulations induced in each of these tissues by acute cold exposure, population-based studies 
were performed on four groups of 6 mice (male to female ratio = 3:3) each exposed to 4 °C, for 0 (thermoneutral 
control), 2, 4 or 6 hours. SWAT (50.9 ± 15.4 mg), VWAT (56.0 ± 15.6 mg) and BAT (37.1 ± 8.5 mg) were collected, 
immediately frozen in liquid nitrogen, and maintained at −80 °C until sample preparation and metabolomics 
data acquisition.

Comprehensive metabolic pro�les were acquired from tissue extracts. �e aqueous fraction, obtained from 
a dual phase extraction, was analyzed using a combination of MRS and UHPLC-MS, while the apolar fraction 
was analyzed using UHPLC-MS. A total of 3676 and 1977 features were detected for the polar and lipid fractions, 
respectively. In order to visualize and help to identify the most prominent metabolic di�erences between the adi-
pose tissues, principal component analysis (PCA) was performed on all the detected features.

Metabolic di�erences between adipose tissues from di�erent depots (BAT, SWAT and VWAT) were evaluated 
at thermoneutrality (Fig. 1) and following cold exposure (Supplementary Fig. 1) using PCA. Additionally, the 
consequences of cold exposure on the metabolic pro�le of each adipose tissue were investigated using PCA score 
plots of the apolar and polar metabolic pro�les from each tissue at thermoneutrality and following cold exposure. 
Figure 1 displays separation of BAT and WAT along the �rst principal component (with 30.74% and 29.50% of 
variances for the lipid and polar fractions, respectively) at thermoneutrality in both the apolar and polar fractions, 
indicating relevant di�erences in their basal metabolic activities. As shown in Fig. 2, several polar metabolites 
detected by MRS dictate the di�erences between brown and subcutaneous white adipocytes. Virtually no di�er-
ences were observed at thermoneutrality between the metabolic pro�les of SWAT and VWAT (Fig. 1). However, 
cold exposure induced distinguishable changes in lipid metabolism in these two depots (Supplementary Fig. 1A,C 
and E), consistent with previous reports9, 19.

Metabolic pro�les induced by cold exposure speci�c to each adipose tissue (Fig. 3 and Supplementary Fig. 2) 
were also evaluated using PCA. Score plots for BAT identi�ed distinct lipid metabolism at each time point during 
cold exposure (Fig. 3A); whereas, the polar fraction showed partially overlapping pro�les in BAT at 2 and 6 hours 

Figure 1. Metabolic di�erences in adipose tissues from di�erent depots at thermoneutrality. An untargeted 
multilevel PCA was performed on combined HPLC-MS and MRS data acquired on BAT, SWAT and VWAT 
sample extracts at thermoneutrality. Score plots obtained from PCA performed on apolar (A) and polar (B) 
spectra of BAT, SWAT, and VWAT samples (6 replicates per tissue type) are shown.
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post-exposure and divergent pro�les at thermoneutrality and 4 hours (Fig. 3B). �e distance between the BAT 
thermoneutral group pro�le and each of the cold-exposure group pro�les was quanti�ed in the PCA score plots of 
both the apolar and polar fractions (Fig. 3C). Notably, the distance from thermoneutrality of the polar metabolic 
pro�les increased in a near linear pattern, whereas the lipid pro�les increased to a maximum distance at 4 hours of 
cold exposure, followed, at 6 hours post-exposure, by a return towards a pro�le more similar to thermoneutrality. 
A similar analysis performed on SWAT pro�les indicated that lipid metabolism was more markedly in�uenced by 
cold exposure than polar metabolites (Fig. 3D,E). Interestingly, as observed for BAT, the 4 h time point induced 
the most extensive changes in SWAT (in this case for both the polar and apolar metabolites; Fig. 3F), while the 
2 h and 6 h cold-exposure pro�les group closer to thermoneutrality. Score plots of VWAT showed very similar 
lipid pro�les at thermoneutrality and for short (2 h) cold exposure, with distinct pro�les observed a�er longer 
cold exposures (4 h and 6 h). �e polar fraction of VWAT showed only minor changes occurring throughout the 
course of cold exposure (Supplementary Fig. 2).

Amino acids, purine, pyrimidine and metabolites involved in redox regulation are signi�cantly modulated by cold 
exposure in BAT but not in WAT depots. To determine more speci�cally which metabolic alterations are associ-
ated with initial cold exposure, a total of 175 polar compounds (Supplementary Table 1) and 504 apolar metabo-
lites (Supplementary Table 2) were identi�ed. Metabolic pathway analysis by global test (performed on the polar 
metabolites from each tissue) revealed that cold exposure induced the highest impact on metabolic pathways in 
BAT (Fig. 4 includes pathways with p < 0.01, FDR < 0.01, impact > 0.2), while metabolic pathways were a�ected 
to a lesser extent in SWAT and VWAT. Among the pathways most a�ected by cold-exposure in BAT were amino 
acids, purine and pyrimidine metabolism, as well as pathways involved in redox regulation (Fig. 4A).

Following up on the results from the metabolic pathway analysis, we performed further analysis of the speci�c 
polar metabolite levels in BAT and WAT depots. �ese data indicated that several metabolites were signi�cantly 
modulated (FDR q < 0.05) in BAT following 4–6 h cold-exposure, with no metabolites reaching signi�cance 
at 2 hours in BAT or after any duration of cold exposure in WAT depots (Fig. 5, Supplementary Fig. 3 and 
Supplementary Table 1). �e levels of several amino acids increased signi�cantly a�er 4–6 hours of cold exposure 
(glutamic acid, methionine, serine, threonine, isoleucine and valine). Glutamine accumulated while proline and 
tryptophan levels decreased transiently at 4 hours. Alanine and arginine levels were signi�cantly modulated only 
a�er 6 hours of cold exposure. Also the levels of glutathione dropped signi�cantly (to almost undetectable levels) 
a�er 4–6 hours of cold-exposure in BAT (and was markedly decreased with q = 0.052 a�er only 2 hours). Other 
modulations were observed in glycolysis and pentose phosphate pathway metabolites, with the progressive accu-
mulation of glucose and drop of ribose-5-phosphate a�er 4 and 6 hours as well as the transitory pyruvate increase 
and fructose bisphosphate decrease at 4 hours of cold exposure in BAT. Interestingly, signi�cant modulations in 
pyrimidine and, even more so, purine levels in BAT were also observed a�er 4 hours of cold exposure.

Di- and monoglyceride levels are almost univocally modulated by cold exposure in BAT and, moderately, in 
SWAT. An in depth analysis of the apolar metabolites revealed that, in line with the results of the polar frac-
tion, metabolic changes induced by cold exposure occur to a much greater extent in BAT than in WAT depots 
(Supplementary Table 2). However, a larger fraction of the apolar metabolites was signi�cantly modulated in 
SWAT at 2 (251 out of the total 504 identi�ed lipids) and 4 (214 out of 504) hours, while none of the SWAT lipid 
metabolites changed signi�cantly at 6 hours. Concurrently, in BAT, the largest number of signi�cant changes were 
observed a�er 6 hours (269 out of 504). Nonetheless, several (209 out of 504) signi�cant changes were observed 
as early as 2 h post exposure in BAT, and at 4 hours (214 out of 504). No signi�cant changes were detected in 
VWAT (at any time point). �e fraction of the total number of lipids identi�ed in each lipid class are reported in 

Figure 2. MRS metabolic pro�les of BAT and SWAT samples at thermoneutrality. �e MRS spectra acquired 
on BAT (red lines) and SWAT (green lines) samples (6 replicates each) are shown. Resonances of selected 
biomarkers are magni�ed above the full spectrum. NAD: nicotinamide adenine dinucleotide; AMP: adenosine 
monophosphate; TAU: taurine; GPC: sn-glycero-3-phosphocholine; PC: phosphocholine; Cre: creatine; Suc: 
succinate; Glu: glutamate; Ala: alanine.
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Fig. 6 to depict the trend of the major lipid classes a�ected at 2, 4 and 6 hours cold exposure in BAT and SWAT. 
�e majority of the detected diglycerides (DG; 51 out of 67 detected DGs) were signi�cantly modulated (FDR 
q < 0.05) in BAT a�er a short 2 h cold exposure (46 DGs accumulated and 5 dropped signi�cantly). Notably, for a 
majority of the accumulated DGs (at 2 h), the levels dropped a�er 4 h of cold exposure (mostly to levels compara-
ble to the initial ones) and then increased again to signi�cantly higher levels than before exposure a�er 6 hours of 
cold exposure (22 out of 34 DGs that changed signi�cantly compared to thermoneutral at both 2 and 6 hours post 

Figure 3. Metabolic changes in adipose tissues from di�erent depots during cold exposure. An untargeted 
multilevel PCA was performed on combined HPLC-MS and MRS data acquired on BAT and SWAT sample 
extracts collected at thermoneutrality, and a�er 2, 4 and 6 hours of cold exposure. Score plots obtained from 
PCA performed on apolar and polar spectra of BAT (A,B) and SWAT (D,E) (6 replicates per tissue type) are 
shown. �e average distance of each cold-exposure group from thermoneutrality was calculated for both polar 
and apolar sample extracts and for both BAT (C) and SWAT (F) depots.
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exposure). Similarly, of the 5 DGs that decreased signi�cantly a�er 2 h, 3 also decreased signi�cantly at 6 hours 
and all of them appeared to bounce back at 4 h and then drop again at 6 h. Comparable trends were observed for 
the few MGs that were detected and changed signi�cantly during cold exposure. No signi�cant changes in DG 
were detected in VWAT, while 15 DGs changed signi�cantly a�er 2 h (mostly DG accumulation, 12 out of 15) 
of cold exposure in SWAT. Only 5 of these were also signi�cantly modulated at 4 h and mostly returned to levels 
closer to thermoneutrality.

Discussion
In this study, the metabolic pro�le of BAT, and WAT of subcutaneous and visceral origin were analyzed at ther-
moneutrality and during acute cold exposure (at 2, 4 and 6 hours). BAT pro�les of both the polar and apolar 
intracellular metabolite fractions di�ered dramatically from WAT depots.

Figure 4. Metabolic pathways a�ected by cold exposure in adipose tissues from di�erent depots. Combined 
pathway enrichment and pathway topology analyses were performed based on the changing polar metabolic 
pro�les in BAT (A), SWAT (B) and VWAT (C) during cold exposure. Bar colors re�ect the signi�cance (p value) 
for the speci�c pathway. �e length of each bar indicates the impact value of each metabolic pathway. Pathways 
with p < 0.01, FDR < 0.01, impact > 0.2 are shown.
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Acute cold exposure induced dramatic metabolic changes in BAT with many signi�cant changes occurring 
in both lipid and polar metabolites. �e PCA performed on the lipid fraction indicated that distance from ther-
moneutrality occurred at an almost linear rate up to 4 h a�er which the pro�le shi�ed to be more similar to the 
thermoneutral pro�le between 4–6 h. Notably, signi�cant changes in the lipid fraction were observed a�er only 
2 hours post exposure in both BAT and SWAT (Supplementary Table 2). �e most striking changes in lipid metab-
olites observed in BAT related to hydrolysis of triglycerides (TGs) into DGs, MGs and fatty acids. In fact, the 
large majority of the identi�ed DGs and some of the MGs increased signi�cantly during the very early phase of 
cold exposure followed by a transient normalization towards pre-exposure levels at 4 hours and another increase 
at 6 hours post exposure. In line with previous reports, these observations also provide a timeline for the BAT 
activity on TGs outlining the progress of lipolysis within the �rst few hours following cold exposure. �is is in 

Figure 5. Metabolic changes in BAT and SWAT samples during cold exposure. Fold changes (compared to 
thermoneutrality; mean ± standard error, n = 6 mice) in selected metabolite levels in BAT (A) and SWAT 
(B) samples collected at 0, 2, 4, and 6 hours. For each metabolite 4 bars are shown: the top bar represents 
thermoneutrality (always shown at 1 ± standard error), and the others (top to bottom) indicate 2, 4 and 6 hours 
cold-exposure fold change vs thermoneutrality. Statistical signi�cance was calculated by non-parametric 
Wilcoxon signed-rank tests with FDR. Bars are colored according to q-value.
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accordance with measured decreases in serum TGs in mice a�er 4 hour cold exposure, which is dependent upon 
local lipoprotein lipase (LPL) activity in BAT as previously reported16. Consistent with these reports, mice lack-
ing the major fatty acid transporter CD36 displayed a marked decrease in BAT TG content and triglyceride-rich 
lipoprotein clearance by BAT a�er 2 hours cold exposure20. Collectively, these observations support the notion 
that proper substrate switching, from oxidation of intracellular fats and proteins to oxidation of WAT derived-TG, 
is a requirement for cold-induced thermogenesis and likely occurs within 2 hours a�er initiation of acute cold 
exposure.

�e modulation of polar metabolites in BAT maximally occurred at 4 hours of cold exposure, a�er the signif-
icant lipid changes at 2 hours. Additionally, the PCA score plots suggest that the polar pro�les in BAT are more 
similar to thermoneutral metabolism a�er 6 hours of cold exposure, suggesting a metabolic cycle may occur in 
BAT during cold exposure. Interestingly, cold exposure did not induce any signi�cant changes to polar metabolite 
levels in the WAT depots, but conclusions on this point may be limited by the large variability between the WAT 
depots samples at thermoneutrality (as indicated by the PCA in Fig 1B).

Mild but signi�cant alterations of glycolysis and pentose phosphate pathway metabolites were observed a�er 
4 hours of cold exposure in BAT indicating a possible transition in the utilization of these pathways. Previous 
reports have detailed differences in the degree of activation and timeline of activated glycolysis and this is 
believed to be a consequence of housing conditions prior to cold exposure (22–25 °C versus 28–30 °C). Signi�cant 
increases in serine observed in this data set may be interesting with regard to cold-induced upregulation of gly-
colysis21. An increase in serine levels has been observed in other studies of cold exposure for 12 hours, which 
suggests that increased serine levels could serve as an additional marker of cold mediated activation of BAT22. 
�e serine biosynthetic pathway derives from, and has been demonstrated to in�uence glycolysis23. Additionally, 
serine is an important intermediate in one-carbon and glutathione metabolism and is related to cell signaling 
through mTORC1 activity24, 25. Speci�cally, serine can undergo cleavage to glycine and contributes one carbon 
units which can support NADPH production and cell proliferation24. Within glycolysis, serine has been shown 
to allosterically activate pyruvate kinase isoform M2 (PKM2) where alterations in serine levels can in�uence 
production of pyruvate, through a rapid and reversible mechanism23. �is could represent a metabolic regulatory 
point for glycolysis in BAT during cold exposure. Pyruvate kinase is upregulated in BAT during cold exposure, 

Figure 6. Number of lipid metabolites signi�cantly a�ected by cold exposure in BAT and SWAT. Fractions of 
the total number of identi�ed lipids (in parenthesis under the name of the lipid class) in each lipid class that 
are signi�cantly increased (green), signi�cantly decreased (red) and unchanged (blue; n.s.: non-signi�cant) 
at 2, 4 and 6 hours cold exposure in BAT (A) and SWAT (B). DG: diglycerides; MG: monoglycerides; 
LysoPC: lysophosphatidylcholines; PC: phosphatidylcholines; LysoPE: lysophosphatidylethanolamines; 
PE: phosphoethanolamines; PS: phosphatidylserines; PG: prostaglandins; SFA: saturated fatty acids; UFA: 
unsaturated fatty acids.
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and both PKM1 and PKM2 isoforms are expressed in BAT26–28. Our data indicate pyruvate levels increase tran-
sitorily during cold exposure in BAT at 4 hours. �is result may suggest that regulation of pyruvate kinase and 
pyruvate levels during cold exposure can modulate glycolysis and pentose phosphate pathway, as occurs in cancer 
metabolism.

�e uptake and cellular consumption of glutamine and its conversion to glutamic acid or alpha-ketoglutarate 
serves many di�erent metabolic purposes, including increasing the capacity for TCA cycle �ux to fatty acid oxida-
tion through generation of C4 metabolites such as malic, oxaloacetic and aspartic acid. Glutamic and aspartic acid 
are also important for providing substrates for transamination reactions that are necessary for serine and amino 
acid metabolism. Moreover, glutamine is a nitrogen donor necessary for purine biosynthesis, whose levels were 
signi�cantly decreased (other than ATP which increased slightly and only at the 6-h time point) at 4–6 hours of 
cold exposure in BAT; the decreased purine levels may serve to stimulate thermogenesis by decreasing the ability 
of purine metabolites to inhibit uncoupling protein-1 (UCP1)29.

Recent reports suggest that reactive oxygen species are a critical signaling component for acute thermogenesis. 
Depletion of mitochondrial ROS results in cold-intolerance10 and the dramatic depletion of glutathione observed 
in BAT may act as a vital stimulant of thermogenic programs in adipose tissue11. Oxidized glutathione levels did 
not change during the course of cold exposure supporting evidence that depletion of glutathione is a critical event 
in regulation of thermogenesis. �ese data are in congruence with previous report30 of glutathione depletion; in 
addition, the accumulation of glutamic acid, methionine and serine supports the lack of replenishment of glu-
tathione from amino acids and glycolytic intermediates during cold exposure.

Collectively, our data provide a comprehensive timeline of global thermogenic metabolism in adipose depots 
during acute cold exposure. We have highlighted di�erences in the VWAT and SWAT thermogenic metabolism 
and demonstrate the distinct metabolism of BAT during cold exposure.

Material and Methods
Study design. C57BL/6 mice (12 week old) purchased from the Jackson Laboratory were acclimated for one 
week under standard 12/12 hour light dark cycle with ad libitum access to Prolab RMH 2000 5P06 diet. Mice were 
housed three per cage, and randomly assigned to sex matched groups (N = 6) for 0, 2, 4, or 6 hour cold expo-
sure (4 °C). Experimental design included consideration for circadian rhythm such that all tissues were collected 
between 14:00–16:00. Prior to cold exposure, cages were placed into thermoneutrality upon timed intervals to 
ensure that each cage was exposed to 24 hours thermoneutrality (30 °C) prior to cold exposure for the speci�ed 
duration. Control mice (0 hour or thermoneutral group) were placed at thermoneutrality for 24 hours prior to 
tissue collection. Upon completion of exposure time, mice were sacri�ced using CO2 overexposure and adipose 
tissues were collected from inguinal fat pad for subcutaneous white adipose tissue (SWAT), interscapular brown 
adipose tissue (BAT), and from gonadal fat pad for visceral white adipose tissue (VWAT) according to Chau 
et al.31 and Casteilla et al.32. Tissues were collected and quickly frozen in liquid nitrogen and stored at −80 °C until 
further metabolic analysis.

Solvents and reagents. All chemicals were HPLC grade and all the aqueous solutions were prepared using 
ultrapure water (Milli-Q system, Millipore, Billerica, MA). Deuterium oxide (D2O, 99.8%) for MRS data acqui-
sition was purchased from Acros Organics (Fair Lawn, NJ). Formic acid (FA), acetonitrile (ACN), isopropanol 
(ISP), ammonium formate (AF, 99.9% purity), methanol (99.9% purity), chloroform (99.8%), and ammonium ace-
tate (AA, 99% purity) were bought from �ermo Fisher Scienti�c (Pittsburgh, PA, USA). Compounds, including 
sodium azide (NaN3, 99%), sodium dodecyl sulfate, ca�eine, ca�eine fragment, monosodium phosphate (>99%), 
and disodium phosphate (>98%), were from �ermo Fisher Scienti�c (Pittsburgh, PA, USA). Deuterated 3-(tri-
methylsilyl)-2,2,3,3-tetradeuteropropionic acid (TSP) was from Cambridge Isotope Laboratories (Tewksbury, 
MA). Mass spectrometry calibration mixtures (Pierce LTQ Velos ESI Positive and Negative Ion calibration solu-
tions) were also purchased from �ermo Fisher Scienti�c. Compounds for customized calibration, including 
pyruvic acid, sodium taurocholate, n-butylamine, and Met-Arg-Phe-Ala pentapeptide (MRFA) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). �e following apolar ISs for mass spectrometry, 1,2-dipalmitoyl-d62-
sn-glycero-3-phosphoethanolamine (16:0 PE-d62), 1,2-diphytanoyl-sn-glycero-3-phospho-L-serine (4ME 16:0 
PS), 1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine (4ME 16:0 PE), 1-myristoyl-2-hydroxy-sn-glycero-3
-phosphocholine (Lyso PC), 1,2-dimyristoyl-d54-sn-glycero-2-[phospho-L-serine] sodium salt (14:0 PS-d54), 
1,2-dilauroyl-sn-glycero-2-phosphocholine (12:0 PC), 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine-
1,1,2,2-d4-N,N,N-trimethyl-d9 (16:0 PC-d75), 1,2-dioleoyl-sn-glycero-3-phosphoinositol ammonium salt (18:1 
PI), 1,2-dilauroyl-sn-glycerol (12:0 DG), and Ceramide/Sphingoid Internal Standard Mixture I were acquired 
from Avanti Polar Lipids Inc. (Alabaster, Alabama). In addition, heptadecanoic-17,17,17-d3 acid was purchased 
from CDN Isotopes (Pointe-Claire, Quebec, Canada). Water soluble ISs, including cysteine (3,3-D2, 98%), fuma-
ric acid (2,3-D2, 98%), DL-glutamic acid (2,4,4-D3, 98%), tryptophan-d5 indole, d4 cystine, and succinic acid 
(D4, 98%) were bought from Cambridge Isotope Laboratories (Tewksbury, MA, USA).

Adipocytes sample preparation. Tissues were homogenized in a Precellys®24 cooled tissue homogenizer 
equipped with Cryolys® system (Bertin Corp, Rockville, MD, USA) by adding 1 ml cold methanol/H2O (50:50) 
and operating at 6500 rpm × 2 cycles × 20 seconds for four times. Homogenates were transferred into glass vials 
and washed twice with 500 µl of methanol/H2O (50:50). �en, 2 ml of chloroform were added to each vial fol-
lowed by the addition of 100 µl of the IS solutions (50 µl each of 100 µM and 25 µM of polar and non-polar IS 
mixtures, respectively) and vortexed thoroughly. Both polar and apolar phases were collected, aliquoted for MRS 
and MS analyses, dried using a CentriVap refrigerated vacuum concentrator (Labconco, Kansas City, MO, USA) 
and then immediately stored at −80 °C before the metabolomics analysis.
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MRS-based metabolomics analysis. Polar samples for MRS analysis were resuspended in 45 µl of phos-
phate bu�er (0.1 M phosphate, 90% D2O, 1 mM TSP, 0.05% NaN3), vortexed, centrifuged at 4 °C for 10 min and 
�nally 35 µl of the supernatants were transferred into 1.7 mm MRS tubes. One dimensional (1D) 1H MRS spec-
tra were acquired on a Bruker Avance III 500 MHz with 1.7 mm TCI MicroCryoProbe system (Bruker BioSpin 
Corp., Billerica, MA) equipped with autosampler at 300 K. 1D 1H-MRS spectra were acquired suppressing water 
resonance by excitation sculpting pulse sequence33 and using at least 128 scans and 8 dummy scans, 32768 data 
points, and a spectral width of 8012.820 Hz. Raw data were processed using MRSLab and MetaboLab34, 35 in the 
MATLAB programming environment (MathWorks Inc., Natick, MA). Post processing of MRS spectra included 
scaling according to the probabilistic quotient normalization (PQN)36, segment alignment37, and exclusion of 
selected signals arising from extraction-solvents and TMSP, and application of a generalized log transforma-
tion38. Metabolite assignment and quanti�cation were performed using Chenomx 8 MRS Suite (Chenomx Inc., 
Edmonton, Alberta, Canada), the Birmingham Metabolite Library39, and the Human Metabolome Database40.

MS-based metabolomics and lipidomics analyses. Both polar and lipid analyses were performed as 
previously described41–43 on a Q Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer equipped with an 
Accela 1250 pump, a vacuum degasser, an open autosampler, and a temperature controller (�ermo Scienti�c, 
Waltham, MA).

�e polar samples were reconstituted in 1 ml of ultrapure water, vortexed, centrifuged at 4 °C for 10 min 
and the supernatant was used for MS detection. Separation of polar metabolites was achieved through a 
100 mm × 2.1 mm i.d., 5 µm particle size, Millipore ZIC p-HILIC column (Millipore Co., Billerica, MA, USA). 
Separation conditions were: solvent A, water/FA (99.9:0.1) containing 10 mM AF; solvent B, ACN/FA (99.9:0.1; 
separation gradient, initially 96% B, linear 96–20% B in 15 min, purging with 1% B for 5 min and column equi-
libration with 4% B for 10 min; �ow rate, 0.3 mL/min; injection volume, 5 µl and 3 µl for scanned m/z ranges of 
50–750 and 750–2000, respectively; autosampler temperature, 6 °C; column temperature, 22 °C. Mass spectrom-
etry analysis of polar compounds was performed with the electrospray (ESI) source simultaneously operating in 
both negative and positive full-MS modes under the following conditions: spray voltage, 4.0 kV; capillary tem-
perature, 300 °C; sheath gas, 50 (arbitrary units); auxiliary gas, 10 (arbitrary units); microscans, 1; AGC target, 
1e6; maximum injection time, 100 ms; mass resolution, 70,000. To maximize accuracy of the MS analysis of polar 
metabolites, samples were analyzed twice according to two di�erent m/z ranges at 50–750 and 750–2000, respec-
tively. In this line, calibration of the mass spectrometer for both ionization modes corresponding to the highest 
m/z range was achieved through the routine commercial calibration solutions provided by the manufacturer. 
In contrast, customized calibrations were carried out at m/z 50–750 mass range as follows: for negative ioni-
zation mode, 87.00877 (pyruvic acid); 117.01624 (fumaric-d2 acid); 149.06471 (glutamic-d3 acid); 208.11399 
(Tryptophan-d5 indole); 265.14790 (sodium dodecyl sulfate) and 514.288441 (sodium taurocholate); for positive 
ionization mode, 74.09643 (n-butylamine), 138.06619 (ca�eine fragment), 195.08765 (ca�eine) and 524.26496 
(MRFA).

�e apolar samples were reconstituted in 200 µl of isopropanol/acetonitrile/H2O (65:30:5) at the moment of 
the acquisition. Lipids were separated on a Kinetex® 2.6 µm C18 100 Å column (Phenomenex, Torrance, CA) with 
the following chromatographic conditions: solvent A, H2O/ACN (80:20) with 0.05% FA and 5 mM AA; solvent 
B, ISP/ACN/H2O (90:9:1) with 0.05% FA and 5 mM AA; separation gradient, initially 100% A, linear 5% A in 
15 min, purging with 100% A for 2 min and column equilibration with 100% A for 8 min; injection volume, 10 µl; 
�ow rate: 200 µl/min; autosampler temperature, 6 °C; column temperature, 22 °C; total running time, 30 min. �e 
MS device used for the study of lipids was the same as previously described for polar metabolites operating in 
full-MS negative and positive ionization modes loading the following settings: spray voltage, 3.5 kV; capillary tem-
perature, 250 °C; sheath gas, 25 (arbitrary units); auxiliary gas, 15 (arbitrary units); microscans, 1; AGC target, 1e6; 
maximum injection time, 200 ms; mass resolution, 70,000; scan m/z ranges simultaneously acquired, 200–1000 
and 150–1000 for negative and positive ionization modes, respectively. Attending to the m/z ranges considered for 
lipids analysis, calibration of the MS system was performed through the commercial calibration solutions from 
the manufacturer.

�e MS detector was calibrated before the analysis of each batch of samples, maintaining at all times a mass 
tolerance below 5 ppm. Raw MS data from polar samples simultaneously collected in both positive and nega-
tive ionization modes was splitted and converted into their respective isolated negative and positive mzXML 
�les by ProteoWizard 3.044. Generated mzXML data were analyzed by XCMS45 using the centWave method46 
with the optimized parameters: ppm = 2.5; peakwidth = c(5,20); snthresh = 4; mzdi� = 0.01; integrate = 1; pre�l-
ter = c(3,100) and bw = 5. In the same line, non-polar MS data were also analyzed by XCMS loading the following 
settings: ppm = 2.5; peakwidth = c(10,60); snthresh = 10; pre�lter = c(3,5000) and bw = 5. Furthermore, mzXML 
�les were normalized to the total intensity of all useful features by PQN a�er IS and weight scaling. �e features 
obtained from XCMS were mined against a database of accurate masses and retention times generated in our 
laboratory using the same instrumentation and the same conditions used for data acquisition for the 618 small 
molecule compounds contained in the IROA 300, Mass Spectrometry Metabolite Library of Standards (MSMLS; 
IROA Technologies, Bolton, MA). In addition, databases of accurate masses taken from Kyoto Encyclopedia of 
Genes and Genomes (KEGG)47, Lipidmaps48, Human Metabolome database40 and Metlin49 by MetaboSearch50 
were also mined. MS data were then combined to the MRS data for the subsequent post-processing, followed by 
multivariate analyses and statistical signi�cance analysis.

Statistical and pathway analyses. Unsupervised multivariate analyses (principal component analysis, 
PCA) were carried out in PLS-Toolbox (Eigenvector Research, Manson, WA) a�er log transform. Non-parametric 
Wilcoxon signed-rank tests were used to evaluate signi�cance between the levels of metabolites during cold expo-
sure (at 2, 4 or 6 hours) and at thermoneutrality. Pathway analysis of polar metabolites from MRS and MS analyses 
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was carried out by MetaboAnalyst 3.0 (http://www.metaboanalyst.ca/MetaboAnalyst/) which is based on the 
KEGG database (http://www.genome.jp/). Global test algorithm51 was applied for signi�cance test of pathways.

Study approval. All animal husbandry and experiments were carried out in strict accordance to guidelines 
de�ned by the Association for Assessment and Accreditation of Laboratory Animal Care and approved by the 
institutional animal research committees at �e University of Texas at Austin.
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