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Abstract

Adaptive thermogenesis by brown adipose tissue (BAT) dissipates calories as heat, making it an
attractive anti-obesity target. Yet how BAT contributes to circulating metabolite exchange remains
unclear. Here, we quantified metabolite exchange in BAT and skeletal muscle by arteriovenous
metabolomics during cold exposure in fed male mice. This identified unexpected metabolites
consumed, released, and shared between organs. Quantitative analysis of tissue fluxes showed
that glucose and lactate provide ~85% of carbon for adaptive thermogenesis and that cold

and CL-316,243 trigger markedly divergent fuel utilization profiles. In cold adaptation, BAT

also dramatically increases nitrogen uptake by net consuming amino acids, except glutamine.
Isotope tracing and functional studies suggests glutamine catabolism concurrent with synthesis
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via glutamine synthetase, which avoids ammonia buildup and boosts fuel oxidation. These data
underscore the ability of BAT to function as a glucose and amino acid sink and provide a
quantitative and comprehensive landscape of BAT fuel utilization to guide translational studies.

Introduction

Brown adipose tissue (BAT) is the site of non-shivering thermogenesis (NST), a
mammalian homeostatic mechanism of expending energy derived from nutrient catabolism
as heat 1. BAT thermogenesis is stimulated by cold, pharmacological beta-adrenergic
agonists or prolonged consumption of certain high calorie diets -7 and is mediated by
Uncoupling Protein 1 (UCP1), an inner mitochondrial membrane protein that dissipates the
electrochemical proton gradient as heat 1. Muscle shivering also helps maintain euthermia
during acute cold exposure, but shivering subsides with prolonged cold exposure during
which adaptive NST by BAT predominates as the main defense of body temperature 8.

The presence of BAT in adult humans, confirmed over a decade ago %13, intensified interest
in therapeutically stimulating adipocyte thermogenesis to combat obesity and fatty liver
disease by functioning as a catabolic sink 1415, Recent studies indicate active BAT may
also restrict tumor growth by competing for glucosel®. Naturally, interest in understanding
how BAT utilizes circulating fuels to support thermogenesis has grown in parallel 17-20,
However, quantitative details about which circulating metabolites are consumed or released
by BAT remain unclear. Conventional -omics studies do not provide this information as they
measure metabolic snapshots rather than dynamic metabolite exchange.

In the 1970s, landmark experiments in rats measuring regional blood flow and arterio-
venous (AV) differences in oxygen concentrations established BAT as the main site of
adaptive thermogenesis 21725, Recent advances in high-sensitivity liquid chromatography-
mass spectrometry (LC-MS)-based metabolomics is renewing interest in AV sampling to
quantify organ-specific metabolite exchange 26-28, The goal of this study was to adapt AV
metabolomics for quantifying net BAT and skeletal muscle metabolic fluxes in different
thermogenic states. Although larger organisms (rats, pigs, humans) are more amenable to
this technique, we miniaturized AV sampling for mice because they are the most widely
used model for studying metabolic diseases, are genetically manipulatable, and because pigs
lack conventional BAT (i.e. they lack UCP1) 29:30,

Our results indicate that glucose and lactate predominate as BAT fuel sources in ad libitum
fed male mice across all conditions tested here, that a commonly used pharmacological
cold mimetic (CL316,243) shows different metabolic fluxes from physiological cold, that
metabolite exchange between BAT and muscle varies with the mode and duration of
thermogenesis, and that BAT is an avid consumer of amino acids but may upregulate
glutamine synthesis to manage toxic nitrogen accumulation. These and additional findings
herein establish a foundational and comprehensive landscape for understanding nutrient
fluxes during thermogenesis in vivo.

Nat Metab. Author manuscript; available in PMC 2024 January 01.
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Results

Establishing AV metabolomics in mice

To quantify tissue-specific metabolic flux during thermogenesis, we established an AV
metabolomics method for BAT and skeletal muscle using mice (See Methods). Briefly,
systemic arterial blood is collected from the left ventricle while BAT and leg-draining
venous blood are collected from the Sulzer’s and femoral vein, respectively (Extended Data
Fig. 1a). Then, the metabolite’s net uptake and release by BAT and leg are determined from
the AV gradients of individual metabolites. Higher metabolite abundance in arterial than
venous blood reflects net absorption, lower abundance reflects net release, and no difference
reflects either no activity (bypass) or equal absorption and release (net zero exchange)
(Extended Data Fig. 1b).

To validate our AV sampling method, we compared the abundance of 659 circulating
metabolites between each blood sample collected from mice given free access to a standard
chow diet (60% carbohydrate, 26% protein, 14% fat) and living at the standard vivarium
temperature (22°C, which is mild cold for mice) or acutely cold exposed (6°C). These data
reveal distinct circulating metabolome signatures between arterial blood and blood from the
Sulzer’s vein (BAT) or femoral vein (leg). Importantly, we identified metabolites that change
abundance at different temperatures in a tissue-specific manner (Extended Data Fig. 1c).

We next established four unique cohorts of male mice: (a) thermoneutral adapted (30°C for
4 weeks, TN), (b) chronic cold-adapted (stepwise drop from 30°C to 6°C, over a 4 week
period, CC), (c) thermoneutral adapted followed by acute cold exposure (direct drop from
30°C to 6°C for 4 hours, AC), and (d) thermoneutral adapted followed by acute CL316,243
treatment (30°C plus CL 316,243 for 4 hours, CL), all fed ad libitum (Fig. 1a). AV blood
sampling and metabolite quantitation by LC-MS was then performed on each cohort. BAT
tissue was also collected to confirm UCP1 protein induction by Western blot and tissue
remodeling by H&E stain. We noted that while CC adapted mice eat more, they had lower
body weights compared to matched TN mice after 4 weeks (Extended Data Fig. 2a—b)
consistent with a higher metabolic rate in cold. There were no changes in total body weight
during 4-hour exposure to AC or CL (Extended Data Fig. 2b). CC robustly increases UCP1
and greatly reduces lipid droplet size; in contrast, AC and CL only mildly induce UCP1

and moderately decrease lipid droplet size (Extended Data Fig. 2c—d). This suggests that the
demand for nutrient uptake from circulation (i.e. the ability to function as a catabolic sink) is
greater upon cold adaptation when intracellular stored fuel is more depleted.

Cold adaptation promotes BAT uptake of diverse metabolites

Using thermoneutral (TN) as the benchmark, we first examined how BAT’s metabolite
uptake and release change upon cold adaptation (CC), a condition in which euthermia

is primarily maintained by NST. By calculating log, ratios of venous to arterial blood
concentration, we quantitated the fractional uptake and release of each circulating
metabolite. After cold adaptation, the number of metabolites absorbed by BAT nearly
doubles (from 85 to 162), reflecting increased metabolic demand (Fig. 1b and Extended
Table 1). Notable absorbed metabolites include medium and long-chain non-esterified fatty

Nat Metab. Author manuscript; available in PMC 2024 January 01.
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acids (MCFA, LCFA), consistent with their roles as thermogenic fuel. However, the uptake
of six indole derivatives was unexpected (Fig. 1b). These indoles are made by microbial
tryptophan breakdown and may stimulate adipose differentiation 31, which has intriguing
implications for BAT recruitment during chronic cold exposure. Interestingly, the purine
nucleosides adenosine and guanosine are uniquely released in TN (Fig. 1b). Given that
adenosine is reportedly an autocrine signaling metabolite that stimulates NST 3233 the lack
of release in CC may reflect trapping of these nucleoside ligands by their membrane GPCR
receptors.

Next, we focused on 35 abundant and high flux-carrying circulating metabolites that are
known building blocks and energy sources 3 (Fig. 1c—k). We used two independent
statistical analyses to identify (i) metabolites that show significant uptake or release

in each condition (by one sample t-test with null hypothesis of no uptake or release)

and (ii) metabolites that have significantly different uptake/release activities between the
conditions (by Student’s t-test or ANOVA). In CC, BAT net absorbs almost all the abundant
fuel metabolites, including glucose, lactate, 3-hydroxybutyrate (3HB, a ketone body) and
LCFAs (Fig. 1c,1d). Most amino acids are also net taken up in CC (Fig. 1le-i), including
the branched-chain amino acids (BCAAs) 3536, Noteworthy exceptions are alanine and
glutamine, which show net zero exchange (Fig. 1i), suggesting bypass or equal absorption
and release. Alanine and glutamine are the most abundant circulating amino acids, which

in addition to being substrates, can function as nitrogen carriers in peripheral tissues where
they assimilate excess nitrogen (largely produced from amino acid oxidation) and deliver it
to the liver. Accordingly, the observation that BAT net absorbs many amino acids predicts

a substantial release of nitrogen, for example as alanine and/or glutamine, to balance
nitrogen levels; thus, their net zero exchange favors an equivalent uptake and release model
(discussed below). Other abundant blood metabolites including TCA cycle intermediates,
betaine, taurine, and creatine show no significant AV differences between TN and CC (Fig.
1j,1k). These AV ratio data show relative uptake and release but do not reflect absolute blood
metabolite concentrations. For example, glucose shows a similar AV ratio as BCAAs (Fig.
1c and 1e); however, glucose uptake quantitatively contributes more carbon to the tissue
because the blood glucose concentration is much higher than that of BCAAs. Extended Fig.
3 shows the absolute AV concentration gradient values (uUM) for the indicated metabolites.

CL316,243 and acute cold differentially affect BAT

In addition to cold adaptation, acute cold exposure (AC) and CL316,243 administration (CL)
are commonly used to assess thermogenesis. AC is also associated with muscle shivering,
which subsides upon cold adaptation. Therefore, keeping TN as the benchmark, we next
asked how AC and CL affect BAT metabolite uptake and release (Fig. 2a). Unlike cold
adaptation (Fig. 1b), AC for 4 hours only slightly increases the number of metabolites that
BAT absorbs (from 85 to 95) when compared to TN (Fig. 2a). This may reflect the fact that
BAT relies more on its stored lipids and glycogen during the initial emergency response to
cold exposure, while increasing glucose uptake and de novo lipid synthesis in CC (Extended
Data Fig. 2c, 2d) 3738, In surprising contrast, acute CL treatment for the same duration (4
hours) dramatically increases the number of metabolites absorbed (from 85 to 209) (Fig.

1b, 2a and Extended Table 1). AC and CL also induce the release of distinct metabolites.

Nat Metab. Author manuscript; available in PMC 2024 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

Page 5

For example, BAT in AC specifically releases LCFAs while upon CL treatment, BAT net
releases not only LCFAs but also MCFAs and very long-chain fatty acids (VLCFAS) (Fig.
2a). This may reflect higher lipolysis upon CL316,243 stimulation, as suggested by higher
phosphorylation of BAT hormone-sensitive lipase (HSL) in the CL-treated mice (Extended
Data Fig. 2c).

We also noted several unexpected differences between AC and CL. First, prostaglandin

E1, pyrimidine, and xanthine are selectively released by BAT in AC (Fig. 2a), possibly

as organ signaling metabolites 35:3%-41, For example, prostaglandin E1 may contribute to

the vasodilation of BAT’s proximal vasculature to facilitate circulating nutrient uptake3®.
Markedly distinct effects of AC and CL are also evident in the 35 high turn-over circulating
fuels (Fig. 2b—j). Relative to TN, only acute CL (but not AC) significantly enhances net
glucose uptake (Fig. 2b). While AC suppresses net release of LCFAs, CL slightly enhances
it (Fig. 2c) and strongly increases the net uptake of several amino acids (Fig. 2d-h). Notably,
even alanine and glutamine, which show net zero exchange in CC (Fig. 1i) are net absorbed
upon CL injection (Fig. 2h), suggesting alternative nitrogen removal mechanisms such as
protein synthesis or ammonia release. However, TCA cycle metabolites or other abundant
metabolites do not show such enhanced uptake by CL (Fig. 2i, 2j). Thus, despite acute CL
mimicking molecular features of acute cold exposure, such as moderate UCP1 induction and
partial lipid depletion 1, it induces disparate BAT metabolite exchange compared to natural
cold.

The landscape of metabolite exchange in thermogenic muscle

Acute cold exposure (AC), but not cold adaptation (CC), associates with muscle shivering

1 Very little is known about circulating nutrient utilization by shivering muscle. Thus,

we used AV metabolomics in legs, to systematically map the metabolite exchange of the

leg in each condition (Extended Table 1). Intriguingly, all thermogenic states (CC, AC,

and CL), regardless of muscle shivering, induce the release of carnosine and anserine

(Fig. 3a—d), which are histidine di-peptides with reported signaling functions #2. Carnosine
supplementation induces white adipose tissue browning in rats 43 and mitigates high-fat diet-
induced metabolic disorders 44. Thus, muscle-derived anserine and carnosine may contribute
to the systemic response to BAT stimulation.

Another unexpected observation is the release of creatine only in acute thermogenic
conditions (AC and CL) (Fig. 3c, 3d). Under acute energic stress, conversion of
phosphocreatine to creatine by the creatine kinase rapidly regenerates ATP from ADP via a
phosphate transfer reaction. Thus, the release of creatine by legs in acute settings may reflect
increased creatine kinase activity to buffer the abrupt increase in energy demand during
emergency thermogenesis.

We next compared the leg uptake and release of the 35 primary fuel sources across the four
conditions. Compared to TN, only CL induces net glucose uptake (Fig. 3e). Interestingly,
neither glucose nor lactate are net consumed in CC, which may reflect the waning of
shivering upon cold adaptation 1. In contrast, legs take up 3-hydroxybutyrate across all

four conditions and this is unchanged by any thermogenic state. CL but not AC induces
pyruvate release, further highlighting differential metabolic impacts of these two conditions.

Nat Metab. Author manuscript; available in PMC 2024 January 01.
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Curiously, LCFAs are overall released across the conditions (Fig. 3f), possibly reflecting
femoral subcutaneous fat mobilization draining into the femoral vein.

Amino acid exchange by legs also shows distinct patterns between the conditions (Fig.
3g-3k). BCAAs are the most avidly and consistently net absorbed (Fig. 3h). BCAAs are
particularly abundant in muscle proteins constituting about ~30% of the total amino acid
content 4, suggesting their uptake may be for muscle protein synthesis and is independent
of thermogenesis. Interestingly, glycine and serine, one-carbon pathway amino acids, are net
absorbed in response to CC (Fig. 3j). Glycine reportedly protects against muscle wasting
and oxidative stress 4647 We also observed evidence of inter-organ exchange between leg
and BAT. For example, following CL treatment, glutamate is net released by leg (Fig. 3k)
and net consumed by BAT (Fig. 2h); alanine shows a similar trend. Among the TCA cycle
intermediates, succinate is net consumed by leg in CC or CL (Fig. 3I) while it is released
from BAT (Fig. 1j, 2i). Other metabolites also exhibit different exchange patterns across the
conditions (Fig. 3m).

Quantitative analyses of BAT carbon fluxes

We next used AV metabolite concentration gradients and blood flow to quantitatively assess
the contribution of circulating metabolites to BAT total carbon flux (F,):

Fc=Q(Cv—-Ca)

where Q indicates BAT blood flow rate, measured by color and pulsed wave doppler
ultrasound, and C, and C, indicate blood concentrations of carbon carried by each metabolite
in the Sulzer’s venous blood and arterial blood, respectively. This analysis revealed that
under these conditions, CC substantially increases total BAT carbon influx compared to

TN (from 235.7 to 1335 nmol C/s g BAT) (Fig. 4). The primary contributor to this

increase is circulating glucose (~70% of carbon influx) (Fig. 4 and Extended Table 2).
Circulating lactate and amino acids are the next major carbon contributors, providing ~15%
and ~8% to BAT carbon influx, respectively (Fig. 4 and Extended Table 2). Despite such
profound increases in nutrient consumption observed in CC versus TN, these values may
underestimate net flux in the cold conditions (see methods). In contrast to CC, AC shows
only slightly increased carbon influx compared to TN, consistent with BAT mainly relying
on internal stored fuels and shivering in acute cold.

BAT can also use circulating lipids from triglyceride-rich lipoprotein particles such as
chylomicrons and very-low-density lipoprotein (VLDL) 148-53 Thus, we measured AV
gradients of saponified circulating fatty acids that summate fatty acids from both albumin-
bound non-esterified fatty acids and lipoprotein particles. From the total fatty acid pools,

we then subtracted non-esterified fatty acids (measured separately without saponification) to
calculate the contribution of lipids from lipoprotein particles. By this measure, we observe a
net influx of lipoprotein fatty acid carbons in TN that accounts for ~20% of the total carbon
influx (Fig. 4 and Extended Table 2). This contribution is largely maintained in AC, which
aligns with previous reports that BAT uses circulating lipoprotein-derived fatty acids upon
acute cold exposure 4950, While the contribution of lipoprotein lipid influx drops to 5% in

Nat Metab. Author manuscript; available in PMC 2024 January 01.
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CC, the flux remains quantitively similar between TN and CC (~50 C nmol/s g BAT). We
also observed a minor carbon influx from circulating acylcarnitines®*. Overall, this supports
a model in which BAT meets its energy demands in cold adaptation mainly by increasing
glucose flux.

Our study was performed in ad /ibitum fed male mice with standard chow diet. In another
study using similar conditions, thermogenic BAT also showed minimal uptake of circulating
fatty acids . In the fasted state, circulating lipid contribution is likely higher. In fact, a
recent comprehensive fluxomics study using mice living in a mild cold (room temperature)
environment support these observations, showing that BAT in a fed state prefers glucose
while fatty acids become more important in a fasted state 17. Quantitative differences in

the use of circulating glucose vs. lipids may also show circadian dependencies particularly
in cold adapted mice®8. Despite carbon uptake from fatty acids being less substantial than
glucose in our experiments, fatty acids may still act as signaling molecules 7.

Our findings support a model in which a significant fraction of the fatty acids oxidized

by BAT are first synthesized de novo from other precursors such as glucose 21:38.58-60,
Additional fatty acids may diffuse from adjacent white adipose tissue especially during acute
cold exposure when these depots are loaded with stored lipids; such local contribution is

not captured by AV measurements. In the emergency state of acute cold, intracellular lipid
droplets also provide fatty acid fuel, but in cold-adapted mice, the intracellular lipid droplets
are greatly depleted of stored fuel (Extended Data Fig. 2d). The depletion of intracellular
and local sources of lipid may be coordinated with the increase in de novo lipogenesis
during the adaptive process, the advantage of which remains unknown.

In terms of carbon efflux, CC-adapted BAT releases succinate, but no other TCA cycle
intermediate (Fig. 1j and Fig. 4). The selective net release of succinate may relate to
succinate’s unique adrenergic-independent accumulation in BAT and its role in generating
reactive oxygen species ®1. Alternatively, certain cells in BAT may export succinate in
response to hypoxia 2, given that BAT extracts nearly all oxygen from blood 63-65,

Quantitative analysis of BAT nitrogen fluxes

Next, we examined BAT nitrogen handling, which is a fundamental yet less appreciated
aspect of BAT metabolism. In TN, total BAT nitrogen influx and efflux are relatively
balanced (2.171 vs. 1.227 nmol N/s g BAT) (Fig. 5). Strikingly, however, total nitrogen
influx increases in CC by ~12-fold (from 2.171 to 25.91 nmol N/s g BAT) while in contrast,
total nitrogen efflux decreases by ~11-fold (from 1.227 to 0.1122 nmol N/s g BAT). This
creates a considerable imbalance in nitrogen flux that is mainly driven by increased amino
acid uptake in CC (Fig. 5 and Extended Table 3). While AC also increases nitrogen influx
via amino acid uptake, the imbalance between influx and efflux is less significant. In the
liver, excess nitrogen can be excreted in the form of urea, and production of some urea cycle
metabolites have been reported in BAT 38:66-68 However, we did not detect any significant
release of urea or urea cycle intermediates by BAT (Extended Table 1), arguing against the
possibility that urea cycle metabolites remove excess nitrogen from BAT. Alternatively, BAT
may release ammonia %7 or incorporate the nitrogen into new protein synthesis. Consistent
with the later, mTORCL1, a main driver of protein synthesis, increases activity in BAT during

Nat Metab. Author manuscript; available in PMC 2024 January 01.
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cold adaptation 9. Moreover, the release of many proteins by thermogenic BAT has been
reported (e.g., batokines) 1870.71 This is an important area for future investigation.

In terms of nitrogen efflux, BAT in TN and AC release nitrogen in the form of nucleosides
(inosine, adenosine, thymidine, cytosine), bases (xanthine, hypoxanthine, adenine) and
nucleotides (GMP, AMP, IMP) (Fig. 5), however, these metabolites are largely taken up by
BAT in CC. For adenosine and inosine, this difference may be linked to their reported roles
in stimulating thermogenic adipocyte differentiation and function32.72.73, These data suggest
that BAT uses distinct nitrogen-rich metabolites as carriers depending upon the thermogenic
state.

Different effects of CL316,243 and acute cold on BAT flux

We also examined the effects of acute CL316,243 on net tissue carbon and nitrogen flux.
This revealed that, compared to TN, CL increases carbon influx by ~5.5-fold, respectively
(Extended Data Fig. 4), which is higher than AC (Fig. 4). In terms of carbon efflux, CL
treatment markedly increases it to a greater extent than other conditions, and this is primarily
driven via the release of fatty acids (lipolysis), acylcarnitine (fat oxidation) and succinate
(anaplerotic stress) (Fig. 4 and Extended Data Fig. 4). Regarding CL-induced changes in
nitrogen flux, amino acid uptake dramatically increases total nitrogen influx (Extended Data
Fig. 4), which is distinct from AC (Fig. 4). These data are consistent with CL316,243
differentially affecting BAT nutrient fluxes compared to cold conditions.

BAT both catabolizes and synthesizes glutamine during cold

Glutamine, the most abundant circulating amino acid, can be an important TCA cycle fuel
in times of high energy demand. Thus, it was unexpected that glutamine shows a unique
net zero exchange in CC (Fig 1i). Using stable isotope tracing of 13C-glucose, we recently
reported active glutamine synthesis from glucose by BAT in CC 38, These data suggested
that BAT may release and take up glutamine at similar rates, resulting in net zero exchange.

To investigate this hypothesis, we employed stable isotope tracing of [U-1°N,13C]-glutamine
to understand its catabolism and synthesis in the BAT of temperature challenged mice.

Like in our previous glucose tracing study 38, mice were adapted to TN (30°C), mild

cold (MC, 22°C) or severe cold (CC, 6°C) for 4 weeks. [U-15N,13C]-glutamine was then
given intravenously, and BAT, liver and serum were harvested at 2.5-, 5- and 15-minutes
post-delivery to capture the early events of glutamine usage by organs (Fig. 6a). We
achieved 15-25% BAT enrichment of glutamine across conditions ([5+2] in Extended

Data Fig. 5a). Compared to TN or MC, CC-adapted BAT markedly increases glutamine
carbon contribution to the TCA cycle up to 20-30% (Extended Data Fig. 5b—c), which

may be used for energy production and/or biosynthesis reactions (e.g., lipogenesis). To

the latter point, CC-adapted BAT also shows higher M+5 citrate labeling compared to

TN and MC (Extended Data Fig. 5d), which may reflect reverse TCA cycle flux (i.e.,
reductive carboxylation) for fatty acid synthesis (Extended Data Fig. 5e) 74-76. This notion is
consistent with highly upregulated de novo lipogenesis enzyme expression and flux in CC-
adapted BAT (Extended Data Fig. 2c) 21:38:58.59.77-79 |n contrast to BAT, liver glutamine
carbon entry into the TCA cycle overall decreases in MC or CC relative to TN (Extended

Nat Metab. Author manuscript; available in PMC 2024 January 01.
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Data Fig. 5b, 5d), indicating that glutamine catabolism is shifting away from liver and
towards BAT during the process of adapting to decreasing temperatures.

Rapid BAT transamination during cold adaptation

The nitrogen of glutamine is also more actively used by BAT in CC (Extended Data

Fig. 6a). For example, CC BAT rapidly converts [U-1°N,13C]-glutamine tracer to other
forms of glutamine with different combinations of nitrogen and carbon labeled (1°N1/2-GIn
isotopomers) (Fig. 6b, 6¢, Extended Data Fig. 6b), consistent with de novo glutamine
synthesis. Circulating glutamate can be a precursor because BAT actively takes up glutamate
in CC (Fig. 1i) and in activated human BAT 80. At the same time, CC BAT shows higher
15N-labeled alanine and aspartate, the two major amino acids made via trans-amination
reaction from pyruvate and oxaloacetate (Fig. 6b—6e). Several other amino acids also

show increased incorporation of 1°N in CC (Fig. 6f, 6g). Together, these data indicate an
instantaneous exchange of labeled nitrogen between glutamine and other amino acids in
CC BAT (Extended Data Fig. 6b). Interestingly, this phenomenon is largely suppressed or
unaffected by temperature in the liver (Fig. 6h—6m), indicating that it is BAT-specific.

Some of the 1°N-labeled amino acids in BAT may be generated in other organs (e.g., liver)
and subsequently taken up by BAT (Fig. 6n). To identify such inter-organ exchange, we
compared fractional labeling of each metabolite in tissues relative to serum, based on the
principle that the fractional labeling can only be decreased during metabolite transformation
and trafficking (Fig. 60). This analysis suggested that: a) both BAT and liver generate
15N-glutamine and glutamate (Fig. 6p), b) other amino acids show organ-specific and
temperature-sensitive transamination, i.e. BCAAs by BAT (Fig. 6q); asparagine, alanine
and aromatic amino acids by liver (Fig. 6r), serine, glycine, proline, and aspartate potentially
by BAT, liver or other organs (Fig. 6s), and c) circulating urea cycle metabolites are not
mainly from BAT (Fig. 6t) despite their synthesis reported in cultured preadipocytes 6.
Additionally, 1°N-labeled alanine in BAT (Fig. 6b) may be produced by the liver and taken
up by BAT (Fig. 6r), highlighting a crosstalk between BAT and liver.

BAT glutamine synthesis increases during cold adaptation

AV metabolomics and isotope tracing data suggest concurrent glutamine catabolism and
synthesis in cold-adapted BAT. We wondered why this occurs and whether it is necessary
for BAT thermogenesis. Glutamine synthesis is carried out by glutamine synthetase (GS),
which is encoded by the glutamine ammonia ligase (G/lul) gene. GS condenses ammonia
onto glutamate to generate glutamine in an ATP-dependent reaction, while the breakdown of
glutamine into glutamate is carried out by glutaminase (GLS) in the glutaminolysis pathway
(Fig. 7a). Glutamine synthesis is known to occur in the brain, kidneys, liver, and skeletal
muscle. In the brain, glutamine synthesis is critical for preventing toxic levels of ammonia
from accumulating and to regulate neurotransmitter levels.

In BAT, the levels of G/u/mRNA (Fig. 7b, Extended Data Fig. 7a) and its protein product
GS (Fig. 7c) robustly increase after cold adaptation. In contrast, hepatic GS expression does
not respond to cold (Fig. 7d). GS is also upregulated during brown adipocyte differentiation
in vitro (Extended Data Fig. 7b). /n vivo, under standard temperature (mild cold) and dietary
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conditions, BAT GS protein expression is comparable to the high levels observed in liver and
brain (Extended Data Fig. 7¢). Notably, we did not see a matching increase in G/s mRNA or
protein expression (Fig. 7b, 7c) despite the increased BAT glutamine catabolism (Extended
Data Fig. 5a—d). This is consistent with the frequent mismatch between pathway flux and
mMRNA or protein expression.

To directly examine GS activity in BAT, we established an /7 vivo GS activity assay by
performing 1°N-ammonia (2°N-NH,4ClI) tracing (Fig. 7¢). In BAT from CC mice, nitrogen
from 1°N-ammonia is rapidly assimilated into glutamine, reaching maximum fractional
labeling (~40%) by 2.5 minutes (Fig. 7f, 7h). Glutamate labeling carried out by glutamate
dehydrogenase 1 (GLUD21) was much lower (~2%) (Fig. 7h) but the fractional labelling is
still higher in CC compared to the TN (Fig. 7g). This labeling difference between glutamine
and glutamate indicates that ammonia assimilation mainly occurs directly onto glutamate
via GS to make glutamine, rather than through the GLUD1 reaction that uses ammonia to
make glutamate (Fig. 7a). In contrast, glutamine and glutamate labeling in liver and serum
are overall decreased by CC (Extended Data Fig. 7d-7g), consistent with BAT-autonomous
glutamine synthesis.

Glutamine Synthetase promotes oxygen consumption

Finally, we performed siRNA knockdown experiments in mature brown adipocytes

to functionally interrogate the role of GS in norepinephrine (NE)-stimulated oxygen
consumption (Fig. 7i-m). G/ulknockdown ablates GS expression but does not affect FASN
or UCP1 and only slightly decreases PPAR-vy levels (Fig. 7i). By 1°N-ammonia tracing,
we confirmed that G/u/knockdown reduces 1°N1-GIn fractional labeling compared to a
scrambled siRNA control (Fig. 7i, 7j). Moreover, by 15N2-Gln tracing, we confirmed that
Glulknockdown also attenuates the transamination of labelled nitrogen onto glutamine to
produce the 15N1-GIn (Fig. 7k). Importantly, G/ul knockdown decreases NE-stimulated
oxygen consumption rate (OCR) (Fig. 71, Extended Data Fig. 7h) while raising ammonia
levels (Fig. 7m). An aberrant increase in ammonia has been shown to impair OCR in
astrocytes and cancer cells 8182, Thus, glutamine synthetase activity may facilitate BAT
thermogenesis at least in part by preventing toxic levels of ammonia from accumulating.

Discussion

In this study, we quantitate metabolite exchange activities of BAT and leg during different
thermogenic conditions by combining AV metabolomics and stable isotope tracing in ad
libitum fed mice. The quantitative importance of various fuels used by BAT has been
unresolved partly due to the different experimental settings, techniques, and subjects often
used. AV studies in the 1980s using different analytical techniques measured glucose,
lactate, and amino acid usage by BAT in a cold-exposed rat model 83-87  showing some
similar trends. However, notable differences were observed particularly with lactate, several
amino acids (including glutamine), quantitative values, and overall metabolite coverage
that likely reflects the combination of analytical, experimental, species, strain and gender
differences used between studies. In our study, we used C57BL/6 male mice; it was
shown that female mice have higher BAT activity, more mitochondria cristae, and more
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UCP-1 induction than males 88, Also, in humans, sex differences in thermogenic adipose
tissue mass and activity have been reported 89. Thus, it will be important to perform

AV metabolomics on female mice next. Fasting and feeding conditions would also affect
the major BAT fuels. Recent studies identified circulating lipoprotein-enriched lipids and
acylcarnitine as BAT fuels in the fasted state, or in conditions of hyperlipidemia resulting
from genetic manipulations or diets. 48:49:51,52,54,68,90-92

The data presented here considerably expands the range of metabolite inputs and outputs for
BAT (and legs within the same subjects) across multiple thermogenic conditions. Under the
conditions used (ad libitum fed, 60% carbohydrate, 26% protein, 14% fat diet), these data
emphasize the predominant role of glucose as a BAT fuel, and to a lesser but significant
extent lactate and amino acids during cold adaptation, while additionally highlighting the
importance of inter-organ communication during thermogenesis. Excitingly, this study also
reveals a battery of metabolites previously unrecognized as being secreted or taken up by
BAT and legs, some of which likely have important signaling functions yet to be discovered.
Finally, this study also uncovered an unexpected substrate cycle by which glutamine is
simultaneously catabolized and synthesized. Such a cycle could help manage nitrogen
balance, but given that glutamine synthetase also hydrolyzes ATP, it may additionally reflect
the growing appreciation that BAT increases UCP1-independent futile cycles during cold
adaptation. In conclusion, this comprehensive and quantitative metabolic analysis reveals
new information about BAT’s contribution to systemic nutrient clearance, supporting its
translational potential to combat obesity and cancer, and provides a necessary roadmap to
guide development of effective intervention strategies.

All research complies with all relevant ethical regulations set by the NIH, IACUC, and

IBC. C57BL/6J male mice were purchased from Jackson Laboratories. Mice were housed
at 22°C with a 12h light/12h dark cycle, with free access to water and a standard chow

diet (Prolab Isopro® RMH 3000). All animal experiments were approved by the University
of Massachusetts Chan Medical School Institutional Animal Care and Use Committee.
Thermoneutral housing: 8-week-old mice were placed in a thermal chamber (Model
RIT330SD Power Scientific) set to 30°C or transferred to a room controlled to 30°C. Mice
were housed at 30°C for four weeks with free access to food and water and maintained on
the standard day/night light cycle. Cold challenge. For the acute cold challenge, 8-week-old
mice were placed at 30°C for 4 weeks. At 12 weeks old, mice were transferred early in the
morning from 30°C to prechilled cages in a 4°C cold room with free access to pre-chilled
food and water. For the chronic cold challenge, 8-week-old mice were placed in a thermal
chamber (Model RIT330SD Power Scientific) where the temperature was dropped by 4°C
per week for four weeks ending at 6°C for the final week. All mice had free access to

food and water and maintained on the standard day/night light cycle. CL 316,243 Injection:
8-week-old mice were transferred to a room controlled to 30°C for 4 weeks. At 12 weeks
old, mice were injected with 1mg/kg CL 316,243 in the early morning and sacked beginning
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4 hours post-injection. All mice had free access to food and water and maintained on the
standard day/night light cycle.

AV blood sampling and tissue processing:

At 8-9AM, ad lib fed mice were anesthetized with isoflurane using the drop method and
placed on a dissection tray with a nose cone. Blood collection was completed within 5
minutes post-anesthesia. An incision below the shoulder was made and the interscapular
brown adipose was lifted toward the head to expose the intact Sulzer’s vein. Fine surgical
scissors were used to cut the Sulzer’s vein and ~40 uL of blood was collected with capillary
tubes without EDTA or heparin coating. Next, the mouse was flipped and cut open to expose
the diaphragm. The left ventricle was then punctured through the diaphragm and ~50-100
UL blood was collected with a 29G, ¥ mL insulin syringe. Finally, the leg was dissected
near the quadricep to expose the femoral vein. A 26G subQ syringe was used to puncture the
femoral vein, avoiding the femoral artery. Once punctured, ~40 pL of blood was collected.
For serum collection, blood samples were placed on ice in the anticoagulant-free tube for

20 min, followed by centrifugation at 10,000 x g for 10 minutes at 4°C. The resulting
supernatant was stored at —80°C and analyzed within a week. The interscapular BAT

depots and quadricep muscle tissue were either snap-frozen using a liquid nitrogen-cooled
Wollenburg clamp 93 or fixed for histology. Tissues were put into 2 mL Eppendorf tubes
with a pre-cooled 5 mm metal bead. The cryomill (Retsch, Newtown, PA) was pre-cooled
before loading of 2 mL tubes. Once pre-cooled, the tubes were loaded, and all tissues were
milled at 25 Hz for 1-2 minutes. Metal beads were removed, and tissue powder was weighed
out into dry ice pre-cooled 1.5 mL Eppendorf tubes for metabolite extraction.

Tissue histology:

Tissue pieces were fixed in 10% formalin. Embedding, sectioning, and Hematoxylin and
Eosin (H&E) staining was done by the UMCMS Morphological Core facility. Full slides
scans were taken at 20x using a Zeiss Axio-Scan.Z1. Zeiss Zen Blue was used for image
processing.

In vivo isotope tracing.

Mice from 4 weeks of temperature acclimation to 30°C, 22°C and 6°C were used. Prior

to isotope delivery, blood samples (~20 pL) were collected by tail bleeding for 0 min

time point. [U-13C,1°N]-Glutamine tracer was delivered retro-orbitally under anesthesia at

a concentration of 0.175 g/kg of body weight using a 28G insulin syringe. [1°N]-NH4CI
ammonia tracer was delivered retro-orbitally under anesthesia at a concentration of 0.04 g/kg
of body weight. After 2.5-, 5-, and 15-minutes post-injection, mice were euthanized, and
blood (500 uL) was collected by cardiac puncture and tissues were quickly dissected and
snap frozen (< 5 s) as described above.

Soluble metabolite extraction and measurements using LC-MS:

For tissue metabolite extraction, frozen and cryomilled tissue powder (~20 mg) was mixed
with 40:40:20 of acetonitrile:methanol:water to make 25 mg of tissue/mL of solvent,
vortexed, and centrifuged at 16,000 x g for 10 min at 4°C. 3 pL of supernatant was injected
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to LC-MS. For serum, 150 pL of extraction solvent was added to 5 pL of serum and
processed the same as above tissue extraction. A quadrupole orbitrap mass spectrometer (Q
Exactive; ThermoFisher Scientific) operating in negative or positive ion mode was coupled
to a Vanquish UHPLC system (ThermoFisher Scientific) with electrospray ionization and
used to scan from m/z 70 to 1,000 at 2 Hz, with a 140,000 resolution. LC separation was
achieved on an XBridge BEH Amide column (2.1 x 150 mm?, 2.5um particle size, 130 A
pore size; Waters Corporation) using a gradient of solvent A (95:5 water: acetonitrile with
20 mM of ammonium acetate and 20 mM of ammonium hydroxide, pH 9.45) and solvent B
(acetonitrile). Flow rate was 150ul/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; and 30 min, 85% B. The autosampler temperature was 5°C
and the injection volume was 3. Metabolite concentrations were determined by authentic
synthesized standards from Sigma. For pyruvate, citrate, succinate, and taurine, median
values of blood concentrations in healthy male subjects from HMDB were adapted for TN
and other conditions were calculated by comparing ion counts. Data were analyzed using
the MAVEN software (build 682, http://maven.princeton.edu/index.php) and Compound
Discoverer software (Thermofisher Scientific). Natural isotope correction for dual isotopes
was performed with AccuCor2 R code (https://github.com/wangyujue23/AccuCor2) and
IsoCorrectoR 94,

Circulating lipid saponification and measurements by LC-MS:

500 pL of 90% methanol, 0.3 M potassium hydroxide was added to 5 pL of serum in

glass vial, vortexed and incubated in 80°C water bath for one hour, followed by immediate
neutralization with 50 uL of 100% formic acid. 500 pL of hexane was added, vortexed

and allowed to phase separate, before 250 pL of top layer were collected- this step was
repeated, and extracts pooled. Extracts were nitrogen dried and then diluted with 100 uL of
1:1 isopropanol:methanol. 3 uL were injected for LC-MS analysis. A quadrupole orbitrap
mass spectrometer (Q Exactive; ThermoFisher Scientific) operating in negative ion mode
was coupled to a Vanquish UHPLC system (ThermoFisher Scientific) with electrospray
ionization and used to scan from m/z 200 to 530 at 3.33 Hz, with a 140,000 resolution.

LC separation was achieved on an Atlantis T3 Column (150 x 2.1mm, 3 um particle size;
Waters, Milford, MA) using a gradient of solvent A (90:10 water: methanol with 1 mM
ammonium acetate and 35 mM acetic acid) and solvent B (98:2 isopropanol: methanol) with
1 mM ammonium acetate and 35 mM acetic acid). Flow rate was 150 puL/min for 0 — 16.5
minutes, 200 uL/min for 16.5 to 19 min, and 150 uL/min 19.1 to 20 min. The LC gradient
was: 0 min, 25% B; 2 min, 65% B; 5.5 min, 100% B; 12.5 min, 100% B; 16.5 min, 100% B;
16.5 min, 25% B; 19 min, 25% B; 19.1 min, 25% B; and 20 min, 25% B.

Metabolite measurements using GC-MS:

Tissues (~20 mg) were extracted in 80% methanol and dried down under a nitrogen stream
at 42°C. Metabolites were then derivatized at 75°C for 1 hour using MTBSTFA + 1%
TBDMCS (MilliporeSigma). Samples were then injected into an 8890 GC system coupled
to a 5977B single quadruple mass spectrometer (Agilent Technologies). The settings are
as follows: GC inlet 250°C, transfer line 280°C, MS sources 230°C, and MS quad 150°C.

Nat Metab. Author manuscript; available in PMC 2024 January 01.


http://maven.princeton.edu/index.php
https://github.com/wangyujue23/AccuCor2

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Park et al.

Page 14

An HP-5MS capillary column (30m length, 250um diameter, 0.25 um film thickness) was
used for separation with a flow rate of 1 mL/min and an oven gradient of 90°C for 2 mins,
followed by a 10°C/min ramp to 270°C, followed by a 5°C ramp to 300°C, followed by a 6
min hold at 300°C. The MSD was run in positive ion mode using SIM measuring glutamine
at 431.3, 432.3, 433.3 m/z and glutamate at 432.2, 433.2 m/z. Analysis was performed using
MassHunter MS Quantitative Analysis (Agilent Technologies).

Echocardiography and Vascular Imaging:

Cell culture:

All imaging was done in the UMass Chan Medical School Cardiovascular & Surgical
Models Core (IACUC protocol #20220006). The back and chest were treated with depilatory
cream. Animals were induced with 2.0% isoflurane mixed with 0.5 L/min 100% 0, and
gently affixed in the prone position to the heated physiologic platform of the Vevo 3100
imaging system (Visualsonics, Toronto, ON, Canada). Electrode cream was applied to each
limb. Body temperature was continually monitored and maintained at ~37°C with a rectal
temperature probe. Isoflurane was administered by nose cone and the concentration reduced
to 1.0 % isoflurane mixed with 0.5 L/min 100% 0,. All animals were imaged at a heart rate
of at least 400-500 beats per minute (bpm), any animals below 400 bpm were excluded from
the analysis. A 50 MHz transducer (MX550S) was used to find the Sulzer vein. \ein flow
was verified with color flow doppler. Pulsed wave doppler was used to measure flow in the
Sulzer’s vein. The velocity time integral (VTI) of flow was measured for three consecutive
beats at end expiration. The diameter of the vein was measured with 2D doppler using

the leading edge to leading edge technique and with a digital caliper, which was more
reliable for CC mice and indicated that the diameter in CC is 2-times the size of TN.

Flow in the Sulzer vein was calculated by multiplying the average VTI of vein flow by

the cross-sectional area of the vein (CSA = zr2) and heart rate (bpm). Flow in the Sulzer’s
vein was normalized to the weight of BAT tissue giving the final blood flow values of
10.93, 38.95, 17.99, 35.44 pl/s per g BAT in TN, CC, AC, and CL respectively. Mice were
then placed supine for echocardiography. 2D and M-mode images were obtained in the
parasternal long and parasternal short axis as previously described 959 Image analysis
was performed off-line using Vevo Lab image analysis software. LV volumes were derived
from m-mode measurements using the following formulas: LV diastolic volume ((7.0/(2.4 +
LVID;d))*LVID:d3 and LV systolic volume ((7.0/(2.4 + LVID:s))*LVID;s3. Cardiac output
was calculated by the following equation (CO=stroke volume x heart rate). LV mass was
calculated using the following formula (1.053*((LVID;d + LVPW;d + 1VS;d) 3-LVID;d3).

Brown preadipocytes were isolated from neonates at postnatal day 1 and immortalized with
pBabe-SV40 Large T according to standard protocol %7 and as described previously 5. The
gender of each neonate was not determined. Cells were maintained in high-glucose (25 mM)
DMEM in incubators at 37°C and 5% CO,. For brown adipocyte differentiation, cells were
seeded (Day 0) at medium density and allowed to proliferate to confluence in the presence
of high-glucose DMEM including 10% FBS, 1% antibiotics, 20 nM insulin and 1nM T3.
After 2 days (Day 2), cells were induced by adding induction media (high-glucose DMEM
including 10% FBS, 1% antibiotics, 20 nM insulin, 1 nM T3, 0.125 mM indomethacin,

2 mg/mL dexamethasone and 0.5 mM 3-isobutyl-1-methylxanthine (IBMX)) for 2 days.
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After this, the medium (high-glucose DMEM including 10% FBS and 1% antibiotics) with
insulin and T3 was changed every 2 days until assay. To stimulate beta-adrenergic signaling,
norepinephrine (1uM) was administered directly to cells in culture.

siRNA Transfection:

siGenome siRNA pools targeting G/u/were purchased from Horizon Discovery (Horizon#
M-062120-01-0005) along with an siRNA non-target control (Horizon# D-001206-14-05).
Brown adipocytes were differentiated as described above and on day 8, were reverse
transfected with modifications to previously published protocols 9. In short, 25 nM

SiRNA was reverse transfected using Lipofectamine RNAiMax (Thermofisher #13778150)
according to the manufacturer’s instructions. Cell number was determined to be 20,000 and
600,000 cells for seahorse and 12-well plates respectively. Fresh media was added two days
after transfection and experiments were conducted four days after transfection.

Immunoblot analysis:

Cells were washed with PBS and lysed in protein lysis buffer (1% Triton X-100, 50

mM HEPES at pH 7.4, 150 mM NaCl, 1% glycerol, 2 mM EDTA, protease/phosphatase
inhibitor cocktail). For immunoblot analysis of surgically dissected fat tissue depots,
tissues were cryomilled and lysed in RIPA buffer (150 mM NaCl, 50 mM HEPES at

pH 7.4, 0.1% SDS, 1% Triton X-100, 1% glycerol, 2 mM EDTA, 0.5% 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, and subjected to immunaoblot analysis. Immunoblot analysis
was subsequently performed using the indicated antibodies and indicated dilutions: 1:10,000
GS (BD#610517), 1:1,000 UCP1 (CST#14670 for tissue and Abcam#ab10983 for cells),
1:5,000 VINC (SantaCruz#sc-73614), 1:5,000 GLS (ProteinTech#12855), 1:2,000 GLUD1
(ProtienTech#14299), 1:1,000 FASN (CST#3180), 1:1,000 PPARy (CST#2443).

Gene expression analysis:

RNA sequencing data are from ref. 58. Nitrogen metabolism genes were sorted by

FDR significance and any genes greater than 3% FDR were excluded. From the FDR
refined list, nitrogen metabolism genes were handpicked and organized in descending
order of CC/TN log2 ratios. For gPCR, RNA was isolated from tissues using Qiazol
(QIAGEN) and an RNeasy kit (QIAGEN). 1 pg of RNA was reverse-transcribed to cDNA
using a High capacity cDNA reverse transcription kit (#4368813, Applied Biosystems).
Quantitative RT-PCR (qRT-PCR) was performed in 10uL reactions using a StepOnePlus
real-time PCR machine from Applied Biosystems using SYBR Green PCR master mix
(CWBIo#CW0955) according to manufacturer instructions. Melting curves were run

on every plate for all genes to ensure the efficiency and specificity of the reaction.
TATA-box binding protein (Thbp) gene expression was used for normalization. Data
acquisition was performed with Applied Biosystems StepOne Software. G/u/forward
primer segeunce (TGAACAAAGGCATCAAGCAAATG), Glulreverse primer sequence
(CAGTCCAGGGTACGGGTCTT).
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Seahorse Analysis:

Cellular mitochondrial respiration rate and extracellular acidification rate, represented as
OCAR and ECAR respectively, were measured using a Seahorse XFe96 Analyzer (Agilent).
Brown adipocytes were differentiated as described above and on day 8 were plated and
transfected in a Seahorse 96-well plate using the siRNA transfection protocol described
above. The seahorse assay was run 4-days post-transfection. For the mitochondrial stress
test, cells were injected with 1 yM NE, 2.5 uM Oligomycin, 0.5 pM FCCP, and 0.5 pM
Rotenone and Antimycin A. All measurements were conducted with 3 measurement cycles
and 3-minute measurements except after NE injection where 10 measurement cycles were
performed. Hoechst 33342 was injected during the final injection to allow normalization to
cell number using the CytationV (Agilent). Maximal NE stimulated OCR was calculated by
subtracting the final baseline measurement from the maximal OCR response induced from
NE injection. Wave (Agilent) was used for data acquisition.

Ammonia Measurement:

Ammonia was measured by Berthelot reaction adapted from the literature 9. In brief, media
was collected from cells, and cells and tissue were lysed in 80% methanol:20% water. 20 uL
of serum or 80% methanol extract was mixed with 200 pL of reagent 1 (100 mM phenol, 50
mg/L sodium nitroprusside) and 200 pL of reagent 2 (0.38M dibasic sodium phosphate, 125
mM sodium hydroxide, 1% sodium hypochlorite). Reaction mixture was placed at 37°C for

1 hour, moved to a 96-well plate and absorbance was measured at 670nm. A standard curve

was generated each time.

Statistics and Reproducibility.

Heatmaps were generated using Metaboanalyst and R 4.1.1 software (gplots). Statistical
analysis was performed using Graphpad Prism 9.0 and R software (rstatix). When two
groups were compared, a two-tailed, unpaired Student’s t-test was used to calculate P values,
with P < 0.05 used to determine statistical significance. When >2 groups were compared,

a one-way ANOVA was employed. Tukey’s method was used to correct for multiple
comparisons. Bootstrapping utilizing 10,000 simulations was conducted to calculate the
confidence interval of the difference between tissue and serum area under the curve. The
area under the curve was calculated from values of fractional labeling versus time. Random
sampling was conducted in a paired manner for tissue and serum fractional labeling from
each mouse. The final confidence interval was converted into fold change by dividing the
range by average serum AUC. All western blots in this study are representative of at least
three independent experiments.
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Extended Data
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Extended Data Figure 1. Establishment of AV metabolomicsfor BAT and hind limb in mice.
a, Schematic of blood vessels used for AV sampling. The Sulzer’s vein (SV) and femoral

vein (FV) were used to characterize BAT and hind limb activity. Systemic arterial blood was
collected from the left ventricle (LV). Made with BioRender.com. b, Different biological
scenarios reflected by AV gradients across BAT. Positive and negative values indicate net
release and absorption, while net zero values indicate metabolite bypass (neither uptake nor
release). intracellular futile cycling (release equal to uptake) or intercellular cross-exchange
between adipocytes and non-adipocytes. ¢, Heat map shows different metabolite abundances
between LV, SV and FV blood collected from mice adapted to mild (22°C) or severe cold
(6°C). Box 1 highlights metabolites more abundant in BAT-draining blood (SV) than blood
from other sites, regardless of temperature, boxes 2-3 highlight metabolites more abundant
in BAT-draining blood (SV) or systemic arterial blood (LV) and temperature-sensitive, and
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box 4 highlights metabolites sensitive to temperature across organs. Each column shows an
individual mouse.
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Extended Data Figure 2. Characterization of BAT in TN, CC, AC, and CL.
a, Daily food intake of TN and CC adapted mice. Data are mean % s.e. ****p=3x10712 py

unpaired two-tailed Student’s t-test. b, Final body weight of TN, CC, AC, CL treated mice.
Data are mean + s.e. **p=0.001 and p=0.009 by one-way ANOVA with Tukey’s multiple
comparisons test. ¢, Western blot of key markers in BAT from mice in TN, CC, AC, and CL.
S.E., short exposure; L.E., long exposure. d, H&E images of BAT from mice in TN, CC, AC,

and CL. Scale

bar = 50 um.
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Extended Data Figure 3. AV concentration gradients of the 35 primary fuel metabolites.

Median values from mice in Figures 1-3 are shown.
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Extended Data Figure 5. Temper ature-dependent glutamine car bon usage by BAT and liver.
a, Glutamine fractional labeling (both carbon and nitrogen) at 5 min after tracer

administration in BAT for TN, MC and CC. Data are mean * s.e. N=6 mice per temperature
condition. b, Heatmap shows median of the total 13C-labeled carbons in metabolites in BAT,

liver and serum for TN, MC and CC, scaled for each metabolite and organ. N=6 mice
for TN, N=6 mice for MC, N=7 mice for CC at 2.5 min, N=6 mice for all temperature
conditions at 5 min, N=6 mice for TN, N=6 mice for MC, N=5 mice for CC at 15 min
for BAT, and N=6 mice for all temperature conditions at 15 min for liver and serum. c,

Total normalized labeling fraction of carbon atoms in representative TCA intermediates in
BAT. Data are mean * s.e. ****p<0.0001 by two-way ANOVA with post-hoc Tukey HSD
Test. Malate MC vs TN **p=0.0021, Succinate CC vs TN ***p=0.0002 and MC vs TN
**p=0.0027. N=6 mice for TN, N=6 mice for MC, N=7 mice for CC at 2.5 min, N=6 mice
for all temperature conditions at 5 min, N=6 mice for TN, N=6 mice for MC, N=5 mice for
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CC at 15 min. d, Normalized carbon labeling fraction of representative TCA intermediates at
5 min after tracer administration. Data are mean * s.e. N=6 mice per temperature condition.
e, Schematic of TCA cycle labeling from glutamine. Conventional TCA cycle predicts M+4
labeling of succinate, malate, and citrate from glutamine tracer, whereas reversed TCA cycle
(i.e., reductive carboxylation) predicts M+5 labeling of citrate. PC flux can also generate
M+5 citrate with labeled CO, incorporation. Citrate can be used for de novo lipogenesis.

Made with BioRender.com.
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Extended Data Figure 6. Temper ature-dependent glutamine nitrogen usage by BAT.
a, Heatmap shows median of total 1°N-labeled nitrogen in BAT metabolites for TN, MC and

CC. N=6 mice for TN, N=6 mice for MC, N=7 mice for CC at 2.5 min, N=6 mice for all
temperature conditions at 5 min, N=6 mice for TN, N=6 mice for MC, N=5 mice for CC at
15 min. b, Schematic of nitrogen exchange reactions between glutamine, glutamate and keto

acids. Made with BioRender.com.
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Extended Data Figure 7. Cold-induced glutamine synthetase in BAT.
a, JRT-PCR comparing Glul gene expression in BAT for TN and CC. N=8 mice per

condition. Data are mean + s.e. ***p=0.0003 by unpaired two-tailed Student’s t-test. b,
Western blot of GS in brown adipocytes during adipogenesis. ¢, Western blot of GS in
different tissues from mice at 22°C. iB, interscapular BAT; sB, subcutaneous BAT; iW,
inguinal white fat; pW, perigonadal white fat; LV, liver; Q, quadricep; S, spleen; H, heart;
Lu, lung; B, brain; K, kidney. d-g,15N1-labeled glutamine and glutamate abundances in liver
(d,e) or serum (f,qg) after 15N-ammonia tracer administration. N=5 mice were used for each
time point except TN 15-minute and CC 5-minute N=4 mice were used. Data are mean +
s.e. h, Full graph of oxygen consumption rate in mature brown adipocytes transfected with
control or Glul targeting siRNAs with or without norepinephrine (NE) stimulation. N=15
biological replicates. Data are mean * s.e.
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Fig. 1. Arterio-venous (AV) metabolomics reveals broadly altered metabolic activities of BAT in
cold-adapted mice.

a, Experimental scheme of AV metabolomics under thermoneutral (TN), chronic cold (CC)
adaptation, acute cold (AC) exposure, and CL-316,243 (CL) injection conditions. Made
with BioRender.com. b, CC-adapted BAT absorbs a variety of circulating metabolites.
Volcano plots show changes in BAT’s metabolite uptake and release in TN and CC.
Different colors indicate metabolite categories. MC, medium-chain; SC, short-chain; PC,
phosphatidylcholine; P1, phosphatidylinositol. c-k, BAT’s uptake and release of the 35
abundant and high flux-carrying circulating fuel metabolites, categorized by the indicated
groups. The data shows log, V/A ratios. Individual data points represent each mouse. N=19
mice for TN and N=18 mice for CC. Data are mean * s.e. P-values (vertical) compared to
a null value (zero exchange) by 1-tailed one sample t-test. P-values (horizontal) compared
to TN by two-paired Student’s t-test. LCFA, long-chain fatty acids, BCAA,; branched-chain
amino acids, EAA; essential amino acids, NEAA; non-essential amino acids.
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Fig 2. Acute cold challengeisonly partially replicated by pharmacological p-adrenergic receptor

activation.

a, Volcano plots show changes in BAT’s metabolite uptake and release in AC and CL.
Different colors indicate metabolite categories. b-j, BAT’s uptake and release of the 35
abundant and high flux-carrying circulating fuel metabolites, categorized by the indicated
groups. The data shows log, V/A ratios. Individual data points represent each mouse. N=19
mice for TN and N=14 mice for AC and CL. Data are mean = s.e. P-values (vertical)
compared to null value (zero exchange) by 1-tailed one sample t-test. P-values (horizontal)
for group differences determined via one-tailed ANOVA with Tukey’s HSD.
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Fig. 3. The landscape of leg metabolic activities under various thermogenic conditions.
a-d, Volcano plots show changes in leg metabolite uptake and release across TN,

CC, AC and CL conditions. Different colors indicate metabolite categories. PE,
phosphatidylethanolamine; GSSG, glutathione disulfide. e-m, Leg uptake and release of the
35 abundant and high flux-carrying circulating fuel metabolites, categorized by the indicated
groups. The data shows log, V/A ratios. Individual data points represent each mouse. N=20
mice for TN, N=16 mice for CC, N=14 mice for AC, and N=13 mice for CL. Data are mean
+ s.e. P-values (vertical) compared to a null value (zero exchange) by 1-tailed one sample
t-test. P-values (horizontal) for group differences determined via one-tailed ANOVA with

Tukey’s HSD.
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Fig 5. Quantitative analysis of BAT nitrogen influx and efflux.
Colors indicate different metabolite categories. Metabolites are ordered based on their

relative contributions from greatest to least.

Nat Metab. Author manuscript; available in PMC 2024 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Park et al.

a Temperature

(4-weeks) )
(time course

@

Page 35

& =
Tracer ™ zmsmit e’: Isotope
acclimation —— 3 rgt(oc:p\tal M R — g I > Tracing
injection
) [U-"*N,"*C]-GIn

BAT, liver, and serum harvest

o

[U-"N,*C]-GIn
887:6

b ---c

3 N1/2-GIn

B (U-*NC-Gin
Ala

" Gl

5N nmol/mg BAT
E

¢ e
004 l
e
g0 q mw
>
£n ] | lle val
2 I
£
£
Z o001 :
B x L] ]
] Ll -
-
000 Hee NgS
i

*N nmol/mg BAT
P
[

Time (min)

e p
Tissue Labeling  >Serum  =Serum < Serum IU-';N.“CI-
ssenm  sseum .

Tis. Label/ Ser. Label

g

BAT Liver

r
Asn
S0
o 2
Fas
Source: BAT Unknown —— Liver 5
&0
N <
28 4 s
i1 ol Ml
S=1t £
v E BAT  Liver
B8 Taw
Ed oy S & t
Arg
Source: Both Neither 6

X

& 2o

%,

Tissue Labeling/

Serum Labeling
-

Label/ Ser. Label

i

BAT Liver

Urea Cycle

[U-N,C}-GIn
1948

" N

.g 0.04
=
>
E 0.03
°
£ 0.02
£
=
2 001
000 et 1§ ~l
QT8 qne gve Met
Time (min)
q __ Boan
N1/2-Gln Glu val Leu e

20 4
154
i RS
05 4
00 4

BAT Liver

BAT  Liver BAT  Liver

S One carbon

10
‘ * i J'
00
L
LRl N

BAT Liver BAT Liver

Tis. Label/ Ser. Label

BAT Liver BAT Liver BAT Liver

Citrulline Ornithine

BAT Liver BAT Liver

Fig. 6. Distinct usage of glutamine nitrogen by BAT and liver at different temperatures.
a, Schematic of in vivo glutamine tracing experiment. Made with BioRender.com. b-m,

Various usage of glutamine nitrogen in BAT (b-g) versus liver (h-m) in TN, MC and CC.
Bar graphs show the concentration of 1°N-labeled metabolites at each time point, with

the most abundant metabolites shown on the

top. Spider plots show area under-curve.

N=6 mice for TN, N=6 mice for MC, N=7 mice CC at 2.5 min, N=6 mice for all
temperature conditions at 5 min, N=6 mice for TN, N=6 mice for MC, N=5 mice for

CC at 15 min. Data are mean * s.e. n, Schematic depicting various scenarios of metabolite
production from glutamine in BAT versus liver and their exchange via circulation. Made
with BioRender.com. o, Comparison of fractional labeling between BAT, liver, and serum
informs the production site of the labeled metabolites, with higher labeling in a certain tissue
than blood reflecting its generation by the tissue. Made with BioRender.com. p-t, Means
indicate 95% confidence interval for fold changes of average AUC of tissue fractional

Nat Metab. Author manuscript; available in PMC 2024 January 01.


https://BioRender.com
https://BioRender.com
https://BioRender.com

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Park et al.

Page 36

labeling versus serum. Error bars indicate 95% CI calculated with bootstrapping utilizing
10,000 simulations. N=18 mice for TN, N=18 mice for MC, N=18 mice for CC.
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Fig. 7. Cold-induced glutamine synthetase facilitates fuel oxidation in BAT by scavenging
ammonia.

a. Schematic of glutamine synthesis and catabolism. Made with BioRender.com. b, Heatmap
of nitrogen metabolism genes with FDR values less than 3% scaled for each gene. c-d,
Western blots show induction of GS in CC only in BAT (c) but not in liver (d). e, Schematic
of in vivo ammonia tracing experiment. Made with BioRender.com. f-h, 15N1-labeled
glutamine (f) and glutamate (g) abundances in BAT from mice in TN versus CC and
labeling fractions of 1°N-labeled GIn and Glu isotopomers in BAT from mice in CC (h).
N=5 mice were used for each time point except TN 15-minute and CC 5-minute N=4 mice
were used (f-h). Data are mean + s.e. TIC, total ion count. i, Western blots show mature
brown adipocytes transfected with siRNA non-target (siNT) or targeting G/u/ (siGlul). j-k,
15N1-labeled glutamine fractional labeling after 1°N-NH,CI tracer (j) or 1°N2-GlIn tracer (k)
in mature brown adipocytes transfected with siNT or siG/ul. Tracers were administered for 6
hours. N=3 biological replicates. Data are mean + s.e. ****p=7x1076 (j) and ****p=6x1076
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(k) by unpaired two-tailed Student’s t-test. I, Oxygen consumption rates (OCR) of mature
brown adipocytes transfected with siNT or siG/u/. N=15 biological replicates. Data are mean
+s.e. ****p=2x1079 by unpaired two-tailed Student’s t-test. m, Ammonia levels in the
culture media of mature brown adipocytes transfected with siNT or si G/ul. N=6 biological
replicates. Data are mean = s.e. ****p=8x10~% by unpaired two-tailed Student’s t-test.
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