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SUMMARY

Active brown adipose tissue (BAT) consumes copious amounts of glucose, yet how glucose
metabolism supports thermogenesis is unclear. By combining transcriptomics, metabolomics,
and stable isotope tracing /n vivo, we systematically analyze BAT glucose utilization in mice
during acute and chronic cold exposure. Metabolite profiling reveals extensive temperature-
dependent changes in the BAT metabolome and transcriptome upon cold adaptation, discovering
unexpected metabolite markers of thermogenesis, including increased A-acetyl-amino acid
production. Time-course stable isotope tracing further reveals rapid incorporation of glucose
carbons into glycolysis and TCA cycle, as well as several auxiliary pathways, including NADPH,
nucleotide, and phospholipid synthesis pathways. Gene expression differences inconsistently
predict glucose fluxes, indicating that posttranscriptional mechanisms also govern glucose
utilization. Surprisingly, BAT swiftly generates fatty acids and acyl-carnitines from glucose,
suggesting that lipids are rapidly synthesized and immediately oxidized. These data reveal
versatility in BAT glucose utilization, highlighting the value of an integrative-omics approach

to understanding organ metabolism.
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Jung et al. explore brown adipose tissue glucose utilization /7 vivo by metabolomics, stable
isotope tracing, and transcriptomics data. They find extensive temperature-dependent changes
in the BAT metabolome revealing several markers of thermogenesis and versatility in glucose
utilization, including rapid coupling of de novo lipid and acyl-carnitine synthesis.

INTRODUCTION

Brown adipose tissue (BAT) is a mammalian organ specialized in transferring chemical
energy into heat by a process called nonshivering thermogenesis (Cannon and Nedergaard,
2004). Newborn humans and rodents require BAT to protect body temperature against cold
(Lidell et al., 2013), while small mammalian hibernators require BAT to withdraw from
hypothermic torpor (Ballinger and Andrews, 2018). Certain diets also stimulate BAT in
rodents living in their thermoneutral zone (i.e., in the absence of thermal stress) (Feldmann
et al., 2009; Fischer et al., 2019; Hung et al., 2014; Jung et al., 2019; Rothwell and

Stock, 1979; von Essen et al., 2017), suggesting BAT has metabolic functions beyond
thermoregulation.

Non-shivering thermogenesis is mainly mediated by uncoupling protein 1 (UCP1), which
uncouples the electron transport chain from ATP synthesis and thereby dissipates the
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mitochondrial electrochemical proton gradient as heat. It is an energydemanding process
associated with copious glucose uptake, similar to highly glycolytic tumors, making it
readily detectable by 18F-FDG PET (18Fluorine-fluorodeoxyglucose positron emission
tomography) imaging. This property enabled widespread detection of metabolically
significant BAT deposits in the adult human population (Cypess et al., 2009; Nedergaard
et al., 2007; Saito et al., 2009; van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009)
and launched a renaissance of interest in targeting BAT therapeutically to increase energy
expenditure as a treatment for obesity and hyperglycemia. Thus, understanding how BAT
uses glucose has important biological and clinical implications.

The metabolic fate of glucose in BAT has been inconclusive. Although it is often assumed
that BAT directly metabolizes glucose via glycolysis and the tricarboxylic acid (TCA) cycle
to provide fuel for thermogenesis (i.e., uncoupling), extensive evidence in the literature
suggests other metabolic pathways fueled by glucose are also active during thermogenesis
(Hankir and Klingenspor, 2018). For example, gene expression studies suggest that cold-
activated BAT upregulates the pentose phosphate pathway (PPP), glycerol synthesis, and
de novo lipogenesis (DNL) pathway, which are primarily fueled by glucose (Hao et al.,
2015; Labbe et al., 2015; McCormack and Denton, 1977; Mottillo et al., 2014; Sanchez-
Gurmaches et al., 2018; Shimazu and Takahashi, 1980; Trayhurn, 1979; Yu et al., 2002).
Indeed, in the context of rat and more recently in humans, it was suggested that only a
fraction of glucose may be used directly as fuel for thermogenesis (Isler et al., 1987; Ma
and Foster, 1986; Saggerson et al., 1988; Weir et al., 2018; Yu et al., 2002), and that

cold acclimation over several days increases 14C glucose incorporation into lipid (Yu et
al., 2002). Stable isotope tracing is beginning to be applied /7 vitro using cultured brown
adipocytes to investigate this notion (Held et al., 2018; Panic et al., 2020; Winther et al.,
2018); however, /n vivo stable isotope tracing is required to understand glucose utilization
in physiological contexts. Thus, the precise role of glucose in BAT under physiologically
relevant environmental conditions, such as short- and long-term cold exposure or dietary
stresses, remains largely unknown.

To systematically investigate BAT’s glucose usage during cold exposure, we employed
metabolomics and stable isotope tracing strategies coupled with transcriptomics analysis in
mice chronically or acutely exposed to a cold environment. We provide /7 vivo evidence that
glucose is a versatile BAT resource that supports a variety of metabolic functions beyond
glycolysis and the TCA cycle, and that its function varies both with the duration and the
degree of cold exposure. Our study establishes a framework for exploring BAT substrate
utilization in various nutritional, genetic, and pathological states.

Cold exposure remodels the BAT metabolome

We first established parameters for performing metabolomics combined with stable isotope
tracing in mice adapted to living at thermoneutrality (TN: 30°C), room temperature, which
is mild cold for mice (MC: 22°C), or severe cold (SC: 6°C) for 4 weeks. Compared

with mice living at TN or MC, those living in SC show slightly reduced body weight
despite increased cumulative food intake (Figures S1A and S1B) consistent with increased
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energy expenditure. As previously observed (Sanchez-Gurmaches et al., 2016, 2018), BAT
mass increases by hypertrophy at TN relative to MC due to increased lipid accumulation,
while mainly interscapular BAT (iBAT) mass also increases in SC relative to MC but

by hyperplasia (Figures S1C and S1D). Both visceral perigonadal white adipose tissue
(PgWAT) and posterior subcutaneous inguinal WAT (psWAT) decrease mass in SC (Figure
S1C), which associates with increased formation of thermogenic adipocytes in SCWAT (i.e.,
WAT browning) (Figure S1D). Liver mass increases with decreasing cold temperature with
no obvious morphological differences by histology (Figures S1C and S1D). Western blotting
confirms BAT UCP1 levels increase with cold (Figure S1E). Blood glucose levels are
higher in SC-adapted mice in line with increased cumulative food intake (Figures S1B and
S1F), while circulating insulin levels trend lower (Figure S1G), suggesting increased insulin
sensitivity. These data confirm cold adaptation.

Using an /n vivo glucose uptake assay, we confirmed that SC potently stimulates glucose
uptake into BAT (Figure 1A). Next, to reflect physiological feeding, [U-13C]-glucose

tracer was provided via oral gavage in ad /ibitum fed mice across all three environmental
conditions (Figure 1B). At 15, 30, and 60 min after providing tracer, the abundance and

13C labeling of serum and BAT metabolites were measured by liquid chromatographymass
spectrometry (LC-MS). Among the ~600 confirmed metabolites with authentic standards,
we detected 433 metabolites in BAT, 125 of which are labeled from [U-13C]-glucose (Figure
S1H). Multivariate analysis by principal-component analysis clearly distinguishes each BAT
metabolome by temperature (Figure 1C). Volcano plots show that the total number of
significantly different metabolites between SC and TN (h = 177) is markedly greater than
the number of different metabolites between MC and TN (n = 91) (Figures 1D and S1I).
Thus, cold adaptation substantially remodels the BAT metabolome.

We found 73 metabolites that increase in both MC and SC (Figure S1J), including cyclic
AMP, which is an intracellular second messenger required for BAT thermogenesis (Cannon
and Nedergaard, 2004). Interestingly, cyclic AMP levels directly correlate with the degree of
cold, confirming cyclic AMP as a thermogenic reporter (Figure 1E). We find 30 additional
metabolites that exhibit similar profiles, including A-acetyl-serine, ribose phosphate, acyl
carnitines, glycero-lipids, and uric acid (Figure 1E; Table S1), suggesting several metabolite
reporters of thermogenesis.

Pathway impact analysis reveals unexpected metabolic pathways activated by SC, including
arginine biosynthesis, pyrimidine metabolism, aminoacyl-tRNA biosynthesis, glutathione
(GSH) metabolism, and pantothenate/coenzyme A (CoA) biosynthesis (Figure 1F). GSH
metabolism and PPP are also activated by MC, as is the nicotinate/nicotinamide pathway
(Figure S1K). Several groups of similar metabolites show increased abundance upon cold,
including N-acetylated amino acids, acyl carnitines, and glycerol-lipids (see red highlights in
Figure S2). The complete dataset of whole metabolome is in the supplemental information
(Data S1 and S2). These data uncover many metabolic pathways not previously associated
with thermogenesis that show dynamic changes upon cold adaptation.
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Cold differentially regulates upper and lower glycolysis

Next, we integrated the metabolomics and [U-13C]-glucose tracing data with BAT RNA
sequencing data that we generated using age-, sex-, and strain-matched mice under

identical environmental conditions (Sanchez-Gurmaches et al., 2018). A recent /n vitro
systematic 13C-glucose tracing study in cultured baby mouse kidney cells overexpressing
each glycolysis enzyme identified four critical glycolytic flux control steps that can be
regulated by protein expression level: glucose import, hexokinase, phosphofructokinase, and
lactate export (Tanner et al., 2018). We find that transcription of the glucose transporters
Glutl and Glut4 does not significantly change upon cold (Figure 2A), although glucose
transporters may be regulated by protein stability and/or membrane trafficking, which

were not examined. SC markedly upregulates upper glycolytic enzymes (Hk1, Gpi, Prki,
Prkp) and lower glycolytic enzymes (Aldoa, Gapah, Pgam1, Enol) (Figures 2A and

2B). Interestingly, hexokinase seems to undergo isozyme switching from Hk2to HkZin

SC (Figure 2A). Pgam1and PgamZ, as well as Enol, EnoZ, and Eno3, show a similar
isozyme switching pattern (Figure 2B). Conversely, the lactate transporters monocarboxylate
transporter 2 (Mct2) and Mct4 decrease in expression in cold (Figure 2C). Thus, glycolysis
is transcriptionally induced by SC adaptation.

Gene expression changes upon MC adaptation were less striking (Figures 2A-2C),
suggesting upper glycolytic flux may be driven by additional mechanisms in MC, such
as insulin action, which increases in MC relative to TN based on AKT phosphorylation
(Jung et al., 2019; Sanchez-Gurmaches et al., 2018). In contrast, AKT phosphorylation
decreases in SC relative to MC(Jung et al., 2019; Sanchez-Gurmaches et al., 2018). Thus,
transcriptional regulation of BAT glycolytic enzymes may be more critical for driving
glycolytic fluxes in SC.

We next examined glucose carbon usage by BAT by [U-13C]-glucose tracing. Because

BAT metabolome pool sizes markedly change upon cold exposure (Figures 1C and 1D),

we measured the abundance of total labeled metabolites, rather than labeling fractions

that are affected by metabolites’ pool sizes. We also measured at multiple time points

(15, 30, and 60 min after providing tracer) to capture the kinetics and total amount of
glucose carbon fluxes into metabolic pathways. After providing the tracer, mice at TN show
modestly slower glucose excursion and clearance in blood (Figure S3A). In BAT, however,
the labeled glucose level is strikingly lower in SC compared with warmer temperatures
(Figure S3B). We interpret this as immediate glucose catabolism given that SC BAT shows
a large increase in glucose uptake (Figure 1A). Consistent with this notion, SC BAT exhibits
robust labeling of glycolytic intermediates within 15 min of gavage; for example, F1,6BP
and lactate increase over 3-fold compared with TN, while fructose 6-phosphate/glucose
6-phosphate, glyceraldehyde 3-phosphate, 3-phosphoglycerate, phosphoenolpyruvate, and
pyruvate increase between 1.8-fold and 2.4-fold (Figures 2D-2J and S3C). MC similarly
increases the labeling of F1,6BP (2-fold within 15 min) relative to TN; however,
downstream glycolytic intermediate labeling is unchanged (Figure 2D-2J). Both SC and
MC increase glucose labeling of glycerol 3-phosphate, a precursor to glycerol (Figure S3D),
and this correlates with increased expression of the glycerol-3-phosphate dehydrogenase
enzymes Gpdl1 and GpadZ2 (Figure S3E), additionally suggesting that cold-induced glucose
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flux through glycolysis feeds glycerol synthesis (Figure 2K). In comparison, liver shows
reduced glucose uptake and decreased glycolytic intermediates labeling from 13C-glucose
(Figures 1B and S3F-S3K). Overall, these data indicate that the degree of cold differentially
accelerates upper and lower glycolytic flux in BAT.

BAT uses glucose to support auxiliary pathways branching from glycolysis

Glucose carbons can branch from glycolysis into PPP, which we identified as cold activated
by unbiased pathway analysis (Figures 1F and S1K). Consistently, SC-adapted BAT shows
upregulation of PPP genes (Figure S4A) and rapid labeling of PPP intermediates (6-PG and
S7P) from 13C-glucose (Figures 3A-3C). One primary function of the PPP is to provide
cytosolic NADPH, which is used in many anabolic reactions, such as lipid and nucleic acid
synthesis. Indeed, the NADPH level and the NADPH/NADP* ratio are highly increased

by SC (Figures 3D and 3E). This increased NADPH may support increased production of
antioxidant glutathione (GSH) (Figures 3F and S4C), which might additionally serve as a
countermeasure to oxidative stress resulting from cold-induced mitochondrial uncoupling
(Shabalina and Nedergaard, 2011). The role of oxidative stress in BAT thermogenesis is just
beginning to be understood (Chouchani et al., 2019).

The PPP pathway also provides ribose for nucleotide biosynthesis. Interestingly, SC-adapted
BAT shows accelerated glucose carbon incorporation into ribose-phosphate (R5P/R1P)

and deoxyribose-phosphate (Figures 3A, 3G, and 3H). SC also induces glucose carbon
usage for purine and pyrimidine metabolites, including inosine monophosphate, guanosine
diphosphate, Orotate, and uridine monophosphate (Figures 3A and 31-3N). Surprisingly,
however, SC markedly decreases gene expression of the purine/pyrimidine synthesis
pathway (Figures S4D and S4E). This inverse relationship may reflect negative feedback
regulation (Ben-Sahra et al., 2013).

Transient SC adaptation reportedly activates purine breakdown by increasing expression

of guanosine monophosphate reductase (Gmpr, GMP-degrading enzyme) and adenosine
monophosphate dehydrogenase (Ampd: AMP-degrading enzyme) (Fromme et al., 2018;
Salvatore et al., 1998). Consistently, Gmprand Ampad3transcription also increases in

SC adaptation, while Ampd1/Ampd2 decreases (Figure S4F). SC increases the purine
nucleoside monophosphates AMP and GMP, as well as their degradation products xanthine,
xanthosine, and uric acid (Figures S4G-S4N). This suggests both increased purine synthesis
and degradation in SC-adapted BAT. Other glycolysis branching pathways, including
glycogen and hexosamine synthesis, did not exhibit consistent labeling trends, although

the phosphoglucomutase 2 (Pgm?2), UDP-glucose pyrophosphorylase 2 (Ugp2), glycogen
synthase 2 (Gys2), and glycogen phosphorylase L (Pygl) genes involved in glycogen
synthesis and breakdown increase expression in cold (Figures S5A-S5F). Collectively, SC-
adapted BAT uses glucose carbons to support the PPP and nucleotide synthesis in addition to
glycolysis (Figure 30).

SC, but not MC, adaptation increases glucose flux into the TCA cycle

We next investigated glucose incorporation into the TCA cycle, the primary pathway
for producing NADH that fuels mitochondrial uncoupling. Both MC and SC increase
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transcription of mitochondrial pyruvate carriers (MPCs) and pyruvate dehydrogenases
(PDHs) that stimulate glucose carbon entry into mitochondria (as pyruvate) and its entry
into the TCA cycle (as acetyl-CoA) (Figure 4A). Ironically, cold also increases PDH kinases
(PDKs) that inhibit PDH activity (Figure 4B). Cold has minimal effects on TCA cycle
enzyme transcription, with no genes showing greater than 2-fold induction (Figure 4C).
Thus, BAT TCA cycle gene expression changes are largely refractory to cold adaptation.

Despite minimal gene expression changes, 13C-glucose tracing reveals significant glucose
carbon entry into the BAT TCA cycle, but only in SC (Figures 4D-4H). Although MC
potently induces thermogenesis (because this is below the thermoneutral zone for mice)
(Gordon, 2012; Nedergaard et al., 2011), MC shows only a trending increase in glucose
carbon entry into the TCA cycle (Figures 4D-41). This suggests that BAT may preferentially
uses other substrates, such as fatty acids and/or glutamine, to fuel the TCA cycle in MC.

Plotting the labeling over time shows that total glucosederived carbons entering TCA

cycle intermediates (i.e., citrate, malate, succinate, aconitate) are profoundly elevated (~6-
fold) in SC within 15 min of providing tracer. Intriguingly, the labeling of TCA cycle
intermediate is greater than that of glycolytic intermediates in BAT (Figures 41 and 4J),
suggesting glucose carbons can also enter the TCA cycle indirectly through non-glycolytic
metabolites. One potential source is circulating TCA intermediates. However, serum-labeled
TCA intermediates do not match with BAT TCA intermediates, except for succinate (Figures
S6A-S6C), and their labeled levels in serum are ~50- to 200fold lower than those in BAT
(Figure S6D). Furthermore, in the liver, which can provide circulating TCA intermediates,
we observed rather decreased TCA labeling by cold acclimation (Figures S6E-S61). This is
consistent with reduced hepatic glucose uptake and glycolysis labeling upon cold adaptation
(Figures 1B and S3F-S3K). Thus, the contribution of circulating TCA intermediates to the
BAT TCA cycle is likely insignificant.

The TCA cycle can be also fueled by circulating lactate made from glucose (Hui et al.,
2017). Labeled serum lactate levels are comparable among the groups (Figure S6J), but
significantly lower (~4-fold) than in BAT (Figure S6K). Moreover, the observation that SC
markedly increases BAT lactate labeling along with glycolytic intermediates rather than
circulating lactate (Figure 2) suggests BAT preferentially uses circulating glucose rather than
lactate to feed the TCA cycle. Glutamine, another abundant circulating nutrient, and its
cousin glutamate show robust labeling from glucose in BAT (Figures 4K and 4L), raising the
possibility that circulating glutamine may feed the BAT TCA cycle (Cluntun et al., 2017).
We did observe increased glutamine and glutamate labeling in the liver and serum at the
15-min time point (Figure S6L-S60), but their labeled serum levels are 15-fold and 380-fold
lower than in BAT (Figures S6P and S6Q). Thus, glutamine in BAT is likely produced from
glucose within BAT. Together, while circulating metabolites generated from other organs
may contribute to the BAT TCA cycle, most glucose carbons entering the BAT TCA cycle
are primarily from glycolysis (Figure 4M).

SC rapidly couples BAT fatty acid synthesis and oxidation

Citrate is among the TCA cycle intermediates most highly labeled from glucose in SC
(by ~8-fold) (Figure 4J). Moreover, the mitochondrial citrate carrier (S/c25al) exporting
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citrate to the cytosol increases 5-fold in cold (Figure S7A). Cytosolic citrate is converted

to acetyl-CoA in the first step of DNL. Consistently, both MC and SC potently induce the
DNL enzymes Acly, Acc, and Fasnin BAT (Figures S1E and S7A) (Sanchez-Gurmaches

et al., 2018) in addition to increasing D0 labeling of newly synthesized lipids (Sanchez-
Gurmaches et al., 2018; Trayhurn, 1981). The rise in NADPH production through the PPP
(Figure 3D) would support DNL. 13C-glucose tracing demonstrates that SC accelerates
glucose-driven synthesis of the lipogenic precursors acetyl-CoA and malonyl-CoA and of
the fatty acids myristate (C14:0), palmitate (C16:0), palmitoylate (C16:1), and stearic acid
(C18:0) (Figures 5A-5G). Interestingly, although MC BAT increases the DNL pathway

and lipid D0 labeling (Sanchez-Gurmaches et al., 2018), it does not increase 13C-glucose
incorporation into fatty acids (Figures 5A-5G and S7A-S7C). Thus, MC BAT may utilize
other substrates for DNL, such as glutamine or acetate (Luong et al., 2000; Ouellet et

al., 2012; Sanchez-Gurmaches et al., 2018; Yoo et al., 2008), or take up circulating lipids
synthesized by the liver. However, the 13C-glucose-labeled fatty acids in BAT are >100-fold
higher in total abundance and show ~107-fold higher labeling than in serum (Figures 5H and
S7D-S71), indicating they are likely endogenously produced.

Strikingly, SC BAT also labels numerous acyl-carnitine species (short-, medium-, and long-
chain acyl-carnitines) within 15 min of providing 13C-glucose (Figures 5A and 51-5L). This
is consistent with the induction of genes involved in acyl-carnitine production and transport,
such as Aacs (Acetoacetyl-CoA synthetase), Acsl3 (Acyl-CoA synthetase long chain family
member 3), Acsl5 (Acyl-CoA synthetase long chain family member 5), and Cpt2 (Carnitine
palmitoyl transferase 2) (Figure S7J). In contrast, serum acyl-carnitine levels or labeling are
not altered by cold (Figures S7D and S7K-S7P), and their abundance is negligible compared
with BAT (Figures 5M and S7Q). This indicates remarkably rapid de novo acyl-carnitine
synthesis (reflecting fatty acid oxidation; Figure S7R) coupled with fatty acid synthesis upon
SC adaptation for efficient energy production and lipid synthesis (Figure 5N).

Glucose contributes to the phosphatidyl-glycerol (PG) pool

Lipidomics analysis reveals that a variety of PG species are also rapidly and robustly
labeled from 13C-glucose in SC and to a lesser extent in MC (Figures S8A-S8F).
Intriguingly, glucose labeling appears specific for PG synthesis because other abundant
phospholipids such as phosphatidyl-ethanolamine (PE) or phosphatidyl-serine (PS) do not
show distinguishable changes upon cold adaptation (Figures S8A and S8G-S8I). This
may reflect that the glycerol moiety of PG is derived from glucose. PG is a precursor

of cardiolipin, which is important for mitochondrial phospholipid synthesis and required
for optimum thermogenesis (Lynes et al., 2018; Sustarsic et al., 2018). Consistently,

cold increases the cardiolipin synthesis genes PgsZand CrfsIin BAT (Figure S8J). SC
also increases many types of lyso-phospholipid species, but without significant labeling
from glucose (Figures S8A and S8K-S8M). Collectively, cold-adapted BAT seems to use
glucose to increase PG production and likely cardiolipin to support mitochondrial membrane
synthesis and function (Figure S8N).
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Cold-adapted BAT uses glucose to generate N-acetyl-amino acids (N-Ac-AAs)

Among the 125 BAT metabolites labeled from glucose, 12 of them (~10%) are N-Ac-AAs
(Figures 6A-6J). Their pool size increases with decreasing temperature (Figure 6A), and
some show greatly enriched pool size in BAT relative to blood (e.g., ~4,000-fold for A-
acetyl-glutamate) (Figure 6B). These N-Ac-AAs can be subdivided by their distinct labeling
patterns. For example, only SC induces rapid but transient glucose carbon incorporation into
N-acetyl-aspartate, N-acetyl-asparagine, N-acetyl-cysteine (NAC), and A-acetyl-methionine
(Figures 6C-6F). In contrast, both SC and MC induce gradual glucose carbon accumulation
in N-acetyl-glutamate, A-acetyl-glutamine, A-acetyl-serine, and A-acetyl-threonine (Figures
6G-6J). Most show M+2 labeling (i.e., only two carbons are labeled), suggesting that the
2-C acetyl moiety is generated from 13C-glucose (Figures SOA-S9H). The abundance of
specific N-Ac-AA species in BAT, but not in circulation, suggests potential physiological
roles that require further investigation.

BAT uses glucose differently during acute cold exposure

Understanding how BAT uses glucose under different conditions is important to realizing
its therapeutic potential as a glucose sink. Moreover, studies inconsistently use acute and
chronic cold exposure experiments to test the functionality of BAT-mediated thermogenesis
in defending body temperature. Whereas prolonged cold exposure reflects an adaptive
condition in which BAT becomes optimized for maximum thermogenic efficiency, acute
cold exposure is a sudden emergency in which protective measures extending beyond those
provided by BAT (e.g., increased shivering) contribute to defense against hypothermia. We
hypothesized that BAT may use glucose differently upon acute cold versus chronic cold
exposure. To test this, we performed 13C-glucose tracing in mice acutely exposed to SC for
5 h. During acute cold exposure, BAT mass tends to decrease as a result of a decrease in
lipid droplet size, while the mass and histology of other tissues examined are unchanged
(Figures S10A-S10C). UCP1 levels are also unperturbed by acute cold exposure (Figure
S10D), consistent with increased BAT thermogenesis being driven mainly by substrate
mobilization and/or posttranslational stimulation under these conditions. Serum glucose and
insulin levels also tend to increase after acute cold exposure (Figures S10E and S10F)
(Heine et al., 2018).

Glucose uptake assays using [3H]-2DG show that BAT increases glucose uptake by ~2-fold
upon acute cold exposure (Figure 7A). After 13C-glucose administration (Figure 7B), acute
cold-exposed mice show lower glucose labeling but higher labeling of most glycolytic
intermediates in BAT than control mice (Figures 7C-7E and 70), suggesting increased
glycolysis flux. Intriguingly, we also observed lower R5P/R1P labeling but higher labeling
of pyrimidine metabolites, such as AMP and IMP, suggesting that increased glucose
utilization for nucleotide synthesis through the PPP also occurs during acute cold exposure
(Figures 7F-7H). Moreover, TCA cycle intermediates and glutamine/glutamate labeling
from glucose increases, which is also similar to the BAT from cold-adapted mice (Figures
71-7K and 70). However, there is no increase in fatty acid labeling from 13C-glucose
(Figures 70 and S10G-S10J), suggesting glucose carbons entering the mitochondria via
pyruvate and converted to acetyl-CoA may be mainly used for oxidation. Thus, the glucose-
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driven fatty acid synthesis-fatty acid oxidation pathway appears to be a unique metabolic
reprogramming event occurring with prolonged cold exposure.

DISCUSSION

A key advance of our study is the comprehensive elucidation of temperature-driven changes
in the metabolic fate of glucose by BAT /n vivo by stable isotope tracing. Importantly,

we uncovered metabolite markers of thermogenesis, including specific N-Ac-AAs, and cold-
stimulated metabolic pathways not previously linked to thermogenesis. We also differentiate
between BAT glucose utilization during acute cold exposure and chronic cold adaptation,
which reveals a sharp distinction with rapid glucose-driven lipid synthesis being a unique
hallmark of BAT metabolism in cold-adapted mice. These data suggest potential avenues of
BAT biology that merit further investigation, especially in humans, because this may help
elucidate how BAT could function as a nutrient sink.

The identification of N-Ac-AAs as thermogenic markers was particularly interesting.

One possible function is that they buffer acetyl-CoA levels for lipogenesis or protein

lysine acetylation. In fact, recent studies suggest that brown adipocytes synthesize A-acetyl-
aspartate (by aspartate Aacetyl transferase) in a pathway previously thought to have a brain-
specific role in providing acetyl-CoA precursors for lipid synthesis and myelin integrity
(Chakraborty et al., 2001; Huber et al., 2019; Pessentheiner et al., 2013; Prokesch et al.,
2016). Alternatively, N-Ac-AAs may function as a sink for two carbon units, which may
facilitate CoA recycling for fatty acid oxidation (Allred and Guy, 1969). Cold-induced BAT
proteasomal activity (Bartelt et al., 2018) raises the possibility that some N-Ac-AAs could
derive from the degradation of N-terminally (a-amino group) acetylated or lysine-acetylated
(e-amino group) proteins (Aksnes et al., 2019; Arnesen, 2011). These possibilities are

not necessarily mutually exclusive. NAC and A-acetyl-glutamate are the most upregulated
N-Ac-AAs (Figures 6A, 6E, and 6H). NAC is renowned for its antioxidant properties
(Kerksick and Willoughby, 2005), and systemic NAC administration improves metabolic
fitness (Straub et al., 2019; Williams et al., 2019). A-acetyl-glutamate stimulates the urea
cycle, which is thought to be liver specific but may have a role in BAT (Ramirez et al.,
2017). These possibilities need further investigation.

Although thermogenesis is driven by lipid catabolism and mitochondrial substrate oxidation,
our data and other previous studies suggest BAT paradoxically increases the anabolic DNL
pathway (McCormack and Denton, 1977; Mottillo et al., 2014; Sanchez-Gurmaches et al.,
2018; Shimazu and Takahashi, 1980; Townsend and Tseng, 2015; Trayhurn, 1979; Yu et
al., 2002). This is further supported by recent evidence showing BAT fatty acid synthesis
and oxidation genes oscillate with similar circadian rhythms in the cold (Adlanmerini et al.,
2019). This appears to be an adaptation to prolonged cold exposure that is likely necessary
for optional thermogenesis. Why BAT couples fatty acid synthesis and oxidation remains
unknown but may provide an additional UCP1-independent futile cycle that contributes

to thermogenesis, such as the recently described creatine substrate and calcium cycling
pathways (lkeda et al., 2017; Kazak et al., 2015, 2017).
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It is also interesting to consider how BAT is capable of running lipid synthesis and oxidation
simultaneously. For example, malonyl-CoA is well known to allosterically inhibit CPT1

to prevent fatty acid oxidation and synthesis from occurring simultaneously (Hue and
Taegtmeyer, 2009). It is possible that mitochondrial heterogeneity exists within brown
adipocytes as recently suggested (Benador et al., 2018; Yu et al., 2015), with some favoring
lipid anabolism and others lipid catabolism (Benador et al., 2019). Alternatively, fatty acid
synthesis and oxidation may occur in different adipocytes because lineage tracing and
single-cell RNA sequencing suggest heterogeneous pools of brown adipocytes may also
exist (Sanchez-Gurmaches et al., 2016; Song et al., 2020; Sun et al., 2020). We also observe
increased glucose labeling of short-chain acyl-carnitine and medium-chain acyl-carnitine
species (Figures 5A, 51, and 5J) in SC BAT, which can enter mitochondria independent of
CPT1 (McDonnell et al., 2016; McGarry and Foster, 1971). These could be pre-generated
in the peroxisome; indeed, BAT peroxisome genes and activity are upregulated in SC
(Nedergaard et al., 1980; Sanchez-Gurmaches et al., 2018). Given the rapid turnover of
glucose-labeled malonyl-CoA (Figure 5C), it may not accumulate under these conditions,

or BAT may preferentially generate malonyl-CoA through ACC1, which is mainly used for
fatty acid synthesis, rather than ACC2, which generates malonyl-CoA at the mitochondrial
membrane that is preferentially utilized for CPT1 inhibition (Wakil and Abu-Elheiga, 2009).
Additional genetic and biochemical studies are required to understand the significance of
flux into DNL.

There are some limitations of our study. First, tissue heterogeneity cannot be accounted for.
Endothelial cells, neurons, immune cells, and brown adipocyte precursors may constitute
60%—70% of whole BAT tissue, and their individual contributions to the observed metabolic
fluxes cannot be delineated (Scheele and Wolfrum, 2020). Second, the precise flux of
glucose (i.e., mmol/min/kg) that enters into BAT from circulation and into specific metabolic
pathways is not quantified. To measure these fluxes, constant isotopic infusion of 13C-
glucose and other tracers with quantitative analyses that account for inter-conversion of
circulating metabolites is required (Hui et al., 2020; Jang et al., 2018). Nevertheless, our
systems-level isotope tracing analysis paired with transcriptomics and metabolomics reveals
a systems-level view of BAT glucose carbon usage /7 vivoin three different temperatures.
These strategies can be applied to examining glucose or other nutrient utilization in diverse
physiological, genetic, pathological states, or sex because the effect of gender on BAT
glucose utilization has not been determined (Hankir and Klingenspor, 2018; Olsen et al.,
2017).

Our data collectively suggest a model in which BAT utilizes glucose differently depending
upon the degree and duration of cold exposure, and that glucose is used to support
multiple auxiliary processes beyond glucose/TCA cycle metabolism. Interestingly, a recent
glucose tracing study in cold-adapted BAT shows no increase in glycolysis and fatty acid
labeling from glucose (Wang et al., 2020); however, a variety of reasons can explain

these differences. First, Wang et al. (2020) used 10-day cold acclimation followed by
intraperitoneal injection of glucose and measured fractional labeling of metabolites. In
contrast, we use 4-week cold acclimation with oral delivery of glucose tracer and report
total labeled carbons for each metabolite. This is because we observe greater than 40% of
the whole BAT metabolome (including glycolysis, PPP, fatty acids, and lipids) increasing
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in abundance (=2-fold) upon SC (Figure 1D). This increased pool size dilutes the labeling
faction despite the increased fluxes. Our findings are consistent with earlier /n vitro studies
suggesting active brown adipocytes oxidize only ~2%—-16% of the glucose consumed for
energy production in the TCA cycle (Hankir and Klingenspor, 2018; Isler et al., 1987;

Ma and Foster, 1986). However, the rapid coupling of lipid synthesis and acyl-carnitine
production and increased labeling of glutamine/glutamate by 13C-glucose with cold suggests
glucose may additionally take indirect routes to being oxidized. Notably, MC does not
appear to increase glucose disposal by directly increasing its flux into the TCA cycle for
oxidation. This may be an important consideration when developing therapeutic strategies
that mimic cold activation.

A recent study using a microdialysis infusion method reports increased glucose uptake and
lactate release from human BAT upon cold exposure (Weir et al., 2018). These data are
consistent with our findings as we observe higher glucose uptake and robust lactate labeling
in the BAT of cold-adapted mice (Figure 2). This study also noted that cold increases BAT
glutamate uptake. In contrast, our data suggest BAT may produce glutamate autonomously
using glucose (Figures 4 and S6). The discrepancy could relate to methodology and/or
species difference between the studies. Future isotope tracing studies using steady-state
infusion combined with arterio-venous metabolomics will enable us to better understand
which nutrients are produced or released by BAT and how they are metabolized.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and request for resources and reagents should
be directed to and will be fulfilled by the lead contact, David A. Guertin
(david.guertin@umassmed.edu).

Materials availability—This study did not generate new unique reagents

Data and code availability

Data availability: Raw dataset of isotope tracing and metabolomics generated during this
study have been deposited at supplemental information (Data S1 and S2) and listed in the
key resources table. This paper analyzes existing, publicly available data (RNA-seq). The
accession number for the dataset is listed in the key resources table.

Code availability: This paper does not report original code.

Post-publication availability of data and code: Any additional information required to
reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All 10-weeks old wild-type C57BI6/J male mice were used in this study were
purchased from Jackson laboratory (Cat#000664). Mice were housed in the UMMS
Sherman Center Animal Medicine Facility in a clean room set at 22°C and 45% humidity on
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a daily 12h light/dark cycle (7 AM to 7 PM), and placed in ventilated racks fed ad /ibitum
with a standard chow diet (LabDiet Cat#RMH3000; 60% Carbohydrate, 26% Protein, 14%
Fat), with bedding changed every two weeks. Mice were sacrificed at 10-14 weeks old
depending on the experiment. Please refer to figure legends for further details. All animal
experiments were approved by the University of Massachusetts Medical School Institutional
Animal Care and Use Committee.

METHOD DETAILS

Temperature Acclimation Experiment—~For temperature adaptation to either
thermoneutrality (30°C) or severe cold (6°C), 10-weeks old wild-type C57BI6/J male mice
were housed for 4-weeks in two-rodent incubators (RIT33SD, Powers Scientific) located

in UMMS Sherman Center Animal Medicine Facility with standard housing conditions
aforementioned in Mice section except housing temperature. One rodent incubator had the
temperature set to 30°C (thermoneutrality group). Another incubator started to set at 18°C,
followed by decreasing 4°C weekly until reaching at 6°C which temperature the mice stayed
for a week (severe cold group). Mild cold (22°C) group mice were co-housed with same
conditions as the mice in rodent incubators. Cages including beddings, food and water

but no enrichments for nesting were pre-adjusted to corresponding temperatures at least
24-hour before the cage set up and replaced every week. Body weight and food intake were
monitored weekly for four weeks.

Acute Cold Challenge—10-weeks old wild-type C57BI6/J male mice were transferred
early in the morning to prechilled cages in a 6°C cold room with free access to pre-chilled
food and water. Beddings but no enrichments for nesting were included in cage. Rectal
temperature was measured hourly using a rectal probe (RET-3, ThermoWorks).

Histological Studies—Samples from adipose tissue depots, liver and muscle were fixed
in formalin (3.7% in 90% ethanol) for 24 h and were embedded in paraffin. After sectioning,
hematoxylin / eosin (HE) staining was performed using standard protocols.

Western Blot Analysis—For immunoblot analysis of surgically dissected brown adipose
tissue depots, tissues were homogenized and lysed in RIPA buffer (150 mM NaCl, 50 mM
HEPES at pH 7.4, 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 0.5% Na-deoxycholate)
containing a protease and phosphatase inhibitor cocktail. Protein lysates were mixed with
5X SDS sample buffer and boiled, separated by SDS-PAGE, transferred to polyvinylidene
difluoride (PVDF) membrane filters, and subjected to immunoblot analysis.

Blood Glucose and Insulin Measurements—Blood glucose levels were measured by

tail bleeding with a commercially available glucose meter. (Bionime, GE100 Glucose meter)
Serum insulin levels were determined using commercial kits according to the manufacturer’s
instructions (Crystal Chem, Cat #90060).

In vivo Glucose Uptake Assay—3H-deoxyglucose (3H-2DG;[1,2-3H(N)]-Deoxy-D-
glucose, NET328A001MC, Perkin Elmer) was used to evaluate glucose uptake into brown
adipose tissue (BAT), subcutaneous adipose tissue (SAT, inguinal WAT), visceral adipose
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tissue (VAT), liver and quadricep as previously described in (Jung et al., 2019) with minor
modifications. Briefly, mixture of 3H-2DG (17 pCi/Kg) and unlabeled glucose (1g/Kg) was
prepared as solutions in normal saline (0.9% NaCl). Mice ad /ib from 4-week of temperature
acclimation to 30°C, 22°C and 6°C were fed the 3H-DOG/glucose mixture solution (10 uL/g
body weight) through oral gavage using plastic feeding tube (Instech Laboratories, Plymouth
meeting, MA). An hour following the gavage, organs and blood from anesthetized mice
were harvested. Specific fractional uptakes of 3H-DOG were determined using a scintillation
counter (liquid scintillation analyzer Tri-Carb2900TR, PerkinElmer, Montreal, QC, Canada).

In vivo Isotope Tracing and Sample Collection—Mice from 4-week of temperature
acclimation to 30°C, 22°C and 6°C were used. Prior to isotope delivery, blood samples (~20
uL) were collected by tail bleeding for 0 min time point. Then, mice were fed (10 pL/g
body weight) normal saline solution containing [U-13C]-glucose (1g/kg, CLM-1396-PK,
Cambridge Isotope Laboratories) using plastic feeding tube. After 15, 30 and 60 minutes
from feeding, mice were euthanized and blood (~100 pL) were collected through cardiac
puncture and tissues were quickly dissected and snap frozen (< 5 s) in liquid nitrogen with
a pre-cooled Wollenberger clamp (Wollenberger et al., 1960). For serum, blood samples
were placed on ice in anticoagulant-free tube for 20 min, followed by centrifugation at
16,000 x g for 10 min at 4°C. The resulting supernatant was stored in —80°C. Whole

BAT and liver were harvested and grounded to homogeneous powder using a Cryomill
(Retsch, Newtown, PA) and stored in —80°C before metabolite extraction. During the entire
experimental procedures before euthanasia, all mice were tightly kept being acclimated in
their own group’s temperature.

Metabolite Extraction—To extract metabolites from serum samples, 150 pL of methanol
was added to 5 L of serum sample and incubated on ice for 10 min, followed by vortexing
and centrifugation at 16,000 x g for 10 min at 4°C. The supernatant (3 uL) was loaded to
LC-MS. To extract metabolites from tissue samples, tissue powder was weighed (~20 mg)
on dry ice. The extraction was done by adding —20°C methanol:acetonitrile:water (40:40:20)
mixture to the powder, followed by vortexing and centrifugation at 16,000 x g for 10 min at
4°C. The volume of the extraction solution (mL) was 40 x the weight of tissue (mg) to make
an extract of 25 mg tissue per mL solvent. The supernatant (3 pL) was loaded to LC-MS.

LC-MS—Samples were analyzed using a quadrupole-orbitrap mass spectrometer (Q
Exactive Plus, Thermo Fisher Scientific, San Jose, CA) operating in negative or positive

ion modes, coupled to hydrophilic interaction chromatography via electrospray ionization
and used to scan from m/z 70 to 1000 at 1 Hz and 140,000 resolution. LC separation was

on a XBridge BEH Amide column (2.1 mm x 150 mm, 2.5 mm particle size, 130A° pore
size) using a gradient of solvent A (20mM ammonium acetate, 20mM ammonium hydroxide
in 95:5 water: acetonitrile, pH 9.45) and solvent B (acetonitrile). Flow rate was 150 ml/min.
The LC gradient was: 0 min, 85% B; 2 min, 85% B; 3 min, 80% B; 5 min, 80% B; 6 min,
75% B; 7 min, 75% B; 8 min, 70% B; 9 min, 70% B; 10 min, 50% B; 12 min, 50% B;

13 min, 25% B; 16 min, 25% B; 18 min, 0% B; 23 min, 0% B; 24 min, 85% B; 30 min,
85% B. Autosampler temperature was 4°C. Data were analyzed using the MAVEN software
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(Melamud et al., 2010). Isotope labeling was corrected for natural 13C abundance using
AccuCor (Su etal., 2017).

RNA Sequencing Data Analysis—Previously deposited RNA-sequencing data that
were re-analyzed here are available under access codes [GSE96681] (Sanchez-Gurmaches
et al., 2018). Transcriptomic abundance is presented via relative counts per million (CPM).
Differential gene expression analysis among three temperature groups were generated such
that CPM is normalized such that thermoneutrality (30°C) group’s CPM = 1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean + SEM or mean = SEM, unless stated otherwise. Student’s t
test or analysis of variance (ANOVA,; one or two ways) were used to determine statistical
significance for two groups or three groups, respectively. Statistical analysis was done using
GraphPad Prism. p < 0.05 was considered statistically significant. The statistical parameters
(i.e., number of mice used per experiment, P-values) are stated in each figure legend.

Supplementary Material

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

In vivo BAT glucose fluxes vary with the degree and duration of cold
exposure

BAT uses glucose to support auxiliary pathways beyond glycolysis and the
TCA cycle

Cold-adapted BAT rapidly synthesizes fatty acids de novo for acyl-carnitine
production

N-acetylated amino acids are markers of thermogenesis
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Figure 1. Severe cold (SC) profoundly remodels BAT’s metabolic landscape
(A) Uptake of orally delivered 3H-2-deoxy-glucose (3H-2DG) by the indicated organs in

mice acclimated to thermoneutrality (TN; red, 30°C), mild cold (MC; green, 22°C), and SC
(blue, 6°C) for 4 weeks (n = 6). For subcutaneous adipose tissue (SAT) and visceral adipose
tissue (VAT), inguinal WAT and perigonadal WAT were collected, respectively.

(B) Experimental strategy for /n vivo isotope tracing and metabolomics of BAT in mice
adapted to different temperatures. Mice were acclimated to TN, MC, and SC for 4 weeks.
Then, mice received [U-13C]-glucose tracer via oral gavage. Metabolite levels, labeling in
serum, and BAT were measured at multiple time points after gavage by LC-MS (n = 5-7 per
time point).

(C) Principal-component analysis (PCA) of BAT metabolome in mice adapted to TN, MC,
and SC (n = 17-20).

(D) Wolcano plot of BAT metabolome in mice adapted to TN versus SC. The colored

dots (blue or red) indicate significantly enriched metabolites at each group (1 = Log fold
changes compared with counterpart, p < 0.05 after false discovery rate [FDR] correction) (n
=17-20).
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(E) Metabolites showing a linear relationship between temperatures and fold change of pool
size normalized to TN.

(F) Metabolic pathway analysis of BAT metabolome in mice adapted to TN versus SC. The
top pathways are ranked by the adjusted p values for permutation per pathway (y axis) and
the total number of hits per pathway (x axis). The color graduated from white to yellow,
orange, and red,; circle size (from small to large) and the increase in values of both x and y
represent the degree of significance.

TIC, total ion count.
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Figure 2. Integrative transcriptomics and metabolic tracing analysis reveal increased BAT
glycolytic flux upon SC

(A-C) Relative gene levels of upper or lower glycolytic enzymes and glucose or lactate
transporters in BAT from mice acclimated to TN (red, 30°C), MC (green, 22°C), and SC
(SC; blue, 6°C) for 4 weeks, measured by RNA sequencing (n = 4).

(D-1) Total labeled carbons in the indicated glycolytic intermediates of BAT (n = 5-7).

(J) Heatmap showing relative total labeled carbons in the indicated glycolytic metabolites (n
=5-7).
(K) Glycolysis pathway. Colors indicate a temperature group showing significantly higher
labeling or transcript abundance than other groups.
Data are mean + SEM. Statistical significance was calculated using two-way ANOVA with
Tukey’s multiple comparison test: *#p < 0.05; **##p < 0.01; ***##p < 0.001 (TN versus
SC, TN versus MC).
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Figure 3. SC triggers BAT glucose flux into the pentose phosphate pathway that contributes to
antioxidant and nucleotide synthesis

(A) Heatmap showing relative total labeled carbons in the BAT metabolic intermediates in
the pentose-phosphate pathway, nucleotides, and key amino acids in nucleotide biosynthesis
from mice acclimated to TN (30°C), MC (22°C), and SC (6°C) for 4 weeks followed by fed
[U-13C]-glucose via oral gavage (n = 5-7).

(B and C) Total labeled carbons in the pentose phosphate pathway intermediates of BAT
(TN: red, 30°C; MC: green, 22°C; SC: blue, 6°C; n = 5-7).

(D) Relative abundance of total NADPH of BAT (n = 17-20).

(E) Relative abundance of NADPH over NADP* of BAT (n = 17-20).

(F) Relative abundance of total glutathione (GSH) of BAT (n = 17-20).

(G and H) Total labeled carbons in the ribose phosphate species of BAT (n = 5-7).

(I-N) Total labeled carbons in the purine/pyrimidine biosynthesis intermediates of BAT (n =
5-7).

(O) Branch pathways of glycolysis, including pentose phosphate pathway and nucleotide,
glycogen, and hexosamine biosynthesis and nucleotide-sugar pathways.
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Data are mean + SEM. Statistical significance was calculated using two-way ANOVA with
Tukey’s multiple comparison test: *#p < 0.05; **#p < 0.01; ***### < 0,001 (TN versus
SC, TN versus MC).
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Figure 4. SC, but not MC, increases glucose flux into the TCA cycle
(A-C) Relative gene levels of pyruvate catabolism and transporters, PDH kinases, and TCA

cycle enzymes in BAT from mice acclimated to TN (red, 30°C), MC (green, 22°C), or SC
(blue, 6°C) for 4 weeks, measured by RNA sequencing (n = 4).

(D-H) Total labeled carbons in the TCA intermediates of BAT from mice acclimated to TN,
MC, and SC for 4 weeks, followed by [U-13C]-glucose provision via oral gavage (n = 5-7).
(1) Heatmap showing relative total labeled carbons in the TCA intermediates of BAT (n =
5-7).

(9) Bar graph showing each metabolite’s relative slope(q.15 min) 0f SC over TN.

(K and L) Total labeled carbons in glutamine (K) and glutamate (L) of BAT (n = 5-7).

(M) TCA cycle map. Colors indicate a temperature group showing significantly higher
labeling or transcript abundance than other groups.

Data are mean + SEM. Statistical significance was calculated using two-way ANOVA with
Tukey’s multiple comparison test: *#p < 0.05; **#p < 0.01; ***##p < 0.001 (TN versus
SC, TN versus MC).
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Figure 5. BAT glucose usage for fatty acid synthesis and oxidation is accelerated by SC, but not
by MC

(A) Heatmap showing relative total labeled carbons of fatty acids and their precursors and
acyl-carnitine species in BAT from mice acclimated to TN (30°C), MC (22°C), and SC
(6°C) for 4 weeks, followed by [U-13C]-glucose provision via oral gavage (n = 5-7).

(B and C) Total labeled carbons in the CoA species of BAT and their area under curve
(AUCg_60 min) (TN: red, 30°C; MC: green, 22°C; SC: blue, 6°C; n = 5-7).

(D-G) Total labeled carbons in the fatty acids of BAT and their AUCq_gg min (n = 5-7).
(H) Relative total labeled carbons in palmitic acid of BAT over serum (n = 12-13).

(1-L) Total labeled carbons in the acyl carnitines of BAT and their AUCg_gg min (N = 5-7).
(M) Relative total labeled carbons in the acyl carnitine species of BAT over serum (n =
12-13).

(N) Pathway map of de novo lipogenesis, triacylglycerol (TAG) synthesis, and fatty acid
oxidation. Colors indicate a temperature group showing significantly higher labeling or
transcript abundance than other groups.
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Data are mean + SEM. Statistical significance was calculated using two-way ANOVA with
Tukey’s multiple comparison test: *#p < 0.05; **#p < 0.01; ***### < 0,001 (TN versus
SC, TN versus MC).
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Figure 6. N-acetyl-amino acids are highly enriched and produced in BAT upon cold
(A) Relative abundance of N-acetyl-amino acids in BAT from mice acclimated to TN (red,

30°C), MC (green, 22°C), and SC (blue, 6°C) for 4 weeks, followed by [U-13C]-glucose
provision via oral gavage (n = 17-20). *Note that N-acetyl-cysteine (N-acetyl-Cys) and
N-acetyl-aspartate (N-acetyl-Asp) were detected only within BAT, but not in serum.

(B) Relative abundance of A-acetyl-amino acids in BAT over serum (n = 17-20).

(C-J) Total labeled carbons in the N-acetyl-amino acids of BAT (n = 5-7).

Data are mean + SEM. Statistical significance was calculated using two-way ANOVA with
Tukey’s multiple comparison test: *#p < 0.05; **#p < 0.01; ***###5 < 0,001 (TN versus
SC, TN versus MC).
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Figure 7. Acute cold increases glucose flux into glycolysis, TCA cycle, and pentose phosphate
pathway, but not de novo fatty acid synthesis

(A) Uptake of orally delivered 3H-2DG by the indicated organs in mice acutely challenged
with SC (AC: blue, 6°C, 5 h) or acclimated to standard room temperature conditions, which
is MC for mice (MC: green, 22°C) (n = 6). For SAT and VAT, inguinal WAT and perigonadal
WAT were collected, respectively.

(B) Experimental strategy for /n vivo isotope tracing and metabolomics of BAT in mice
acutely challenged with SC. Mice were exposed to SC for 5 h (AC: blue, 6°C). As a control,
mice acclimated to MC (green, 22°C) were used. Then, mice received [U-13C]-glucose
tracer via oral gavage. Metabolite levels, labeling in serum, and BAT were measured at
multiple time points after gavage by LC-MS (n = 6-8 per time point).

(C-E) Total labeled carbons in the glycolytic intermediates of BAT samples from mice
acutely exposed to AC and their counterpart (MC) followed by feeding with [U-13C]-
glucose via oral gavage (n = 6-8).

(F—H) Total labeled carbons in the pentose phosphate pathway and nucleotide biosynthesis
of BAT (n = 6-8).

(1-K) Total labeled carbons in the TCA intermediates of BAT (n = 6-8).
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(L-N) Total labeled carbons in a-ketoglutarate (L), glutamate (M), and glutamine (N) (h =
6-8).

(O) Heatmap showing relative total labeled carbons in the indicated metabolites (n = 6-8).
Data are mean + SEM. Statistical significance was calculated using two-way ANOVA with
Tukey’s multiple comparison test: *#p < 0.05; **#p < 0.01; ***###5 < 0,001 (TN versus
SC, TN versus MC).
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KEY RESOURCES TABLE
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Raptor Cell Signaling Technology Cat# 2280; RRID: AB_561245
ACC Cell Signaling Technology Cat# 3676; RRID: AB_2219397
ACLY Cell Signaling Technology Cat# 4332; RRID: AB_2223744
FASN Cell Signaling Technology Cat# 3180; RRID: AB_2100796
a-Tubulin Cell Signaling Technology Cat# 2125; RRID: AB_2619646
PPARy Santa Cruz biotechnology Cat# sc-7273; RRID: AB_628115
UCP1 Abcam Cat# ab10983; RRID: AB_2241462

Chemicals, peptides, and recombinant proteins

D-GLUCOSE (U-13C6, 99%)

Cambridge Isotope Laboratories

Cat#CLM-1396-PK

[1,2-3H]-deoxy-D-glucose Perkin Elmer NET328A001MC
Critical commercial assays

Glucose meter Bionime GE100
Ultrasensitive insulin ELISA kit Crystal Chem 90060

Deposited data

Data S1. Isotope tracing and Metabolomics upon
temperature acclimation, related to Figures 1, 2, 3, 4,
5, 6, and S1-S9

Data S2. Isotope tracing and Metabolomics upon acute
cold, related to Figures 7 and S10

RNA sequencing raw data upon temperature
acclimation, related to Figures 2, 4, S3-S5, S7, and S8

This Study

This Study

Sanchez-Gurmaches et al., 2018 (PMID:
29153407)

Supplemental information

Supplemental information

NCBI Gene Expression Omnibus:
GSE96681

Experimental models: Organisms/Strains

Mouse: C57BL/6

Jackson labs

000664

Software and algorithms

Graphpad GraphPad Software Graphpad.com

Adobe Illustrator Adobe Adobe.com

MAVEN software http://genomics-pubs.princeton.edu/mzroll/  N/A
index.php

MetaboAnalyst 3.0, 4.0, 5.0 https://www.metaboanalyst.ca N/A

Other

Rodent incubators Power Scientific RIT33SD
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