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Asparagine reinforces mTORC1 signaling to boost
thermogenesis and glycolysis in adipose tissues
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Abstract

Brown and beige fat are specialized for energy expenditure by
dissipating energy from glucose and fatty acid oxidation as heat.
While glucose and fatty acid metabolism have been extensively
studied in thermogenic adipose tissues, the involvement of amino
acids in regulating adaptive thermogenesis remains little studied.
Here, we report that asparagine supplementation in brown and
beige adipocytes drastically upregulated the thermogenic tran-
scriptional program and lipogenic gene expression, so that
asparagine-fed mice showed better cold tolerance. In mice with
diet-induced obesity, the asparagine-fed group was more respon-
sive to p3-adrenergic receptor agonists, manifesting in blunted
body weight gain and improved glucose tolerance. Metabolomics
and *3C-glucose flux analysis revealed that asparagine supplement
spurred glycolysis to fuel thermogenesis and lipogenesis in adipo-
cytes. Mechanistically, asparagine stimulated the mTORC1 path-
way, which promoted expression of thermogenic genes and key
enzymes in glycolysis. These findings show that asparagine
bioavailability affects glycolytic and thermogenic activities in
adipose tissues, providing a possible nutritional strategy for
improving systemic energy homeostasis.
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Introduction

Thermogenic adipocytes, brown and beige fat cells, are character-
ized by dissipating energy derived from glucose and fatty acid
oxidation as heat. Therefore, they regulate whole-body glucose and
lipid homeostasis in both mice and humans. It remains largely
unknown whether amino acids can be used as substrates for
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adaptive thermogenesis or take part in modulating thermogenic
activity of brown adipose tissue (BAT). Recently, branched-chain
amino acids (BCAAs) have been identified to nourish BAT oxidation
and thermogenesis. A BAT-specific ablation of the BCAAs trans-
porter into mitochondria results in decreased thermogenesis and
systemic glucose intolerance (Yoneshiro et al, 2019). N-acyl amino
acids activate mitochondrial uncoupling respiration in a UCP1-
independent manner and increase energy expenditure in vivo (Long
et al, 2016). Intravenous amino acid mixture administration is
utilized to prevent anesthesia-induced hypothermia (Yamaoka et al,
2006). BCAAs alone are critical but not sufficient for the attenuation
of hypothermia, implying other amino acids may also contribute to
the process (Yamaoka, 2008).

Asparagine (Asn) is a non-essential amino acid but becomes
essential for tumor cells when glutamine is depleted (Zhang et al,
2014; Pavlova et al, 2018). It promotes tumor cell proliferation and
epithelial-to-mesenchymal transition (Krall et al, 2016; Knott et al,
2018). Most cells express asparagine synthetase (ASNS) to catalyze
the synthesis of L-asparagine from aspartic acid and glutamine,
whereas leukemic blasts lack Asns expression. Clinical acute
lymphoblastic leukemia (ALL) treatment includes administration of
asparaginase (ASNase) to deplete serum asparagine, leading to
compromised protein synthesis in leukemic cells and ultimately cell
death (Radadiya et al, 2020). However, hyperglycemia and hyper-
triglyceridemia are reported as two common side effects of such
ASNase treatment for 20 and 67% of ALL patients, respectively
(Parsons et al, 1997; Lowas et al, 2009). In addition, circulating
asparagine level is inversely associated with metabolic syndrome
(Ntzouvani et al, 2017) and obesity in both adults (Bagheri et al,
2019) and children (Butte et al, 2015). Acute cold exposure and cold
acclimation significantly increased BAT asparagine as well as other
amino acids level in mice (Okamatsu-Ogura et al, 2020). In this
regard, we speculate that asparagine may play a role in regulating
BAT function and systemic energy homeostasis.

To verify the hypothesis, we altered asparagine availability to
explore the effects on adipose tissue metabolism. Supplementation
of asparagine exogenously augments thermogenic gene expression
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and improves cold tolerance in mice. Removal of circulating aspara-
gine by ASNase results in compromised thermogenic activity and
aberrant lipolysis in adipose tissues. Intriguingly, asparagine
bioavailability determines robustness of glycolysis to fuel thermoge-
nesis and lipogenesis essentially through the activation of mechanis-
tic target of rapamycin complex 1 (mTORC1) cascade. In short, we
identified a novel role for asparagine to modulate adaptive thermo-
genesis and glycolysis in adipose tissues.

Results
Exogenous asparagine activates adipocyte thermogenic program

To explore the role of asparagine availability in brown adipocytes,
we supplemented asparagine in culture medium during adipocyte
differentiation in vitro. The formulation of DMEM contains a
mixture of essential amino acids with each concentration ranging
from 0.1 to 0.8 mM (Appendix Table S1), but is devoid of aspara-
gine, which provides a clean system to evaluate exogenous aspara-
gine effects. Asparagine supplementation did not affect the clonal
expansion of brown preadipocytes in the early differentiation stage
(Appendix Fig S1A). Interestingly, 0.5 mM or higher dose of aspara-
gine increased the expression of thermogenesis (Ucpl, Cox7a, Cidea,
Pgcla) as well as lipogenesis gene (Acaca, Dgat2, Ppary), but had
little effect on genes involved in fatty acid B-oxidation (Cptib) and
lipolysis (Atgl, Hsl) (Fig 1A and B, Appendix Fig S1B) in immortal-
ized brown fat cells. The asparagine-induced increase in UCP1 and
PPARy expression was comparable to the effects of B3-adrenergic
agonist CL316243 (Fig EV1A). Simultaneously, asparagine-treated
brown adipocytes demonstrated significantly higher oxygen
consumption rate (Fig 1C). As a control, supplementation of non-
proteinogenic D-asparagine or individual supplementation of non-
essential amino acids, which are absent in the culture medium (ala-
nine, aspartic acid, or glutamic acid), did not enhance the expres-
sion of UCP1 (Appendix Fig S1C and D). Although aspartic acid can
be converted to asparagine by ASNS in cells, the transport of aspar-
tic acid into mammalian cells is inefficient (Sullivan et al, 2018),
which may explain the lack of effect of exogenous aspartic acid.
PPARy protein level was elevated by asparagine addition, yet the
overall process of adipogenesis seemed unaffected, as was shown
by similar size of lipid droplet (Appendix Fig S1E) and comparable
levels of general adipogenic marker (Cebpa, Adipoq, and Fabp4)
(Appendix Fig S1F). When asparagine was supplemented to the
culture medium in the last 2 days of differentiation (day 4-6),
considerably elevated UCP1 and PGClo levels could still be
observed, while PPARy was not affected (Fig 1D). PGCla is a well-
defined coactivator that can transcriptionally upregulate thermo-
genic program (Shapira & Seale, 2019). Knockdown of Pgclo
completely abrogated asparagine-induced Ucpl, Cidea, or Cox7al
gene expression, indicating the asparagine induction of thermogenic
program was more reliant on Pgcla, but not Ppary (Figs 1E and
EV1B). Similar effects could be recapitulated in primary brown and
inguinal white adipocyte (Figs 1F and EV1C).

Asparagine is a non-essential amino acid that can be synthesized
from aspartic acid and glutamine with ASNS catalyzing the reaction
in an ATP-dependent manner (Lomelino et al, 2017). Asns is
expressed in most mammalian cells (Lomelino et al, 2017), with the
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most abundant expression in brains and relatively higher levels in
brown, inguinal, and epididymal fat tissues (Appendix Fig S2A).
High-fat diet feeding suppressed, while cold exposure and f3-
adrenergic agonist induced Asns expression in epididymal white
adipose tissue (WAT) and/or BAT (Appendix Fig S2B-E). Knock-
down of Asns with lentiviral shRNAs had no effect on the expres-
sion of adipogenic markers or triglyceride accumulation in brown
fat cells (Appendix Fig S2F and G), but greatly abolished UCP1
protein expression (Fig EVID) and mRNA levels of Cidea, Cox7a,
and Ppary (Fig EV1E). Supplement of asparagine could moderately
rescue the defect of these genes (Figs 1G and EV1E). On the other
hand, knockdown of glutamic pyruvic transaminase (Gpt), which is
responsible for synthesizing alanine by transferring an amino group
from glutamic acid to pyruvate, had marginal effects on Ucpl and
Ppary expression (Appendix Fig S2H and I).

Asparagine feeding nourishes thermogenesis in adipose tissues

Adipose tissue acquires asparagine either through intake of circulat-
ing asparagine or through asparagine biosynthesis. The circulating
asparagine pool can be augmented by feeding mice with asparagine
in drinking water or by asparagine intraperitoneal injection (i.p.).
The protein levels of two asparagine transporters SLC38A2 and
SLCIAS in BAT were comparable to those in other organs under
basal conditions and were further induced by cold challenge (Fig
EV2A and B). Mice supplemented with asparagine in their drinking
water for 3 weeks significantly increased both serum and BAT
asparagine contents (Fig 2A-C). Asparagine supplementation did
not affect water and food intake, body weights, and adipose tissue
masses as compared to the control group (Fig EV2C-F). However,
asparagine-fed mice showed better cold tolerance when subjected to
acute 4°C exposure (Fig 2D). Fluctuation in circulating amino acid
was reported to affect pancreas insulin secretion (Schmid et al,
1989), yet we did not observe any difference in serum insulin or
triglyceride levels between the asparagine-fed and control groups
(Fig 2E and F). Nevertheless, enhanced expression of thermogenic
and lipogenic gene was clearly shown in both BAT and inguinal
WAT after one dose of CL316243 injection (Fig EV2G and H).
Asparagine-fed mice displayed a significant decrease in Asns expres-
sion in BAT, reflecting reduced needs for endogenous asparagine
synthesis (Fig EV2G). The expression of characteristic beige adipo-
cyte markers, Cd137 and TbxI, was also upregulated in inguinal
WAT (Fig EV2H). Commensurate with the mRNA levels,
asparagine-fed mice showed higher PGClo, UCP1, and PPARy
protein expression in adipose tissues (Fig 2G). Moreover, brown
adipocytes had smaller lipid droplets, and much more beige adipo-
cytes with multilocular lipid droplets appeared in inguinal white fat
depots (Fig 2H). Indirect calorimetry assay revealed that mice
supplemented with asparagine had increased heat generation,
oxygen consumption, carbon dioxide production, and respiration
exchange rate (RER), at both basal and CL316,243-stimulated states
(Fig 2I and J).

Likewise, 2-week asparagine intraperitoneal injection drastically
boosted the thermogenic program in brown and inguinal fat tissue
(Appendix Fig S3A-C), and Ppary level was remarkably elevated in
BAT, inguinal, and epididymal WAT (Appendix Fig S3B-D). The
substantial induction of PPARy in adipose tissues led us query
whether supply of asparagine might also increase PPARy abundance

© 2021 The Authors
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Figure 1. Increased asparagine availability promotes thermogenic and lipogenic program in brown adipocytes.
A Immortalized brown preadipocytes were induced to mature adipocytes with supplementation of asparagine during differentiation. Gene expression was analyzed on

differentiation day 6.

Gene expression analyzed by quantitative PCR in brown adipocytes that were fed with or without 1 mM asparagine as in (A). n = 3 independent experiments.
Left: UCP1, PGCla, and PPARYy protein levels were analyzed in brown adipocytes (day 6). Cells were supplemented with 1 mM asparagine from day 4 to day 6. Right:
Preadipocytes bearing the shRNA targeting Pgclo were induced differentiation with or without 1 mM asparagine. Protein expression was analyzed on day 6. n = 3

Primary preadipocyes isolated from mice BAT were induced to differentiation in DMEM media with or without 1 mM asparagine. Left: UCP1 and PPARY protein levels

B
C Oxygen consumption rate measured by Clark electrodes for mature brown adipocytes as in (B). n = 4 independent experiments.
D
quantification of protein levels. n = 3 biological replicates.
E
biological replicates.
F
were analyzed on day 6. Right: quantification of protein levels. n = 3 biological replicates.
G

performed on day 6.

Brown preadipocytes were infected by lentiviral ShRNAs against Asns. Cells were differentiated in culture media with or without 1 mM asparagine. Western blot was

Data information: Data represent means + SEM. *P < 0.05; **P < 0.01; unpaired two-tailed Student’s t-test.

Source data are available online for this figure.

in other metabolic organs. Western blot revealed that PPARy protein
level was not affected in liver and skeletal muscle (Appendix Fig S3E
and F). In contrast, alanine or glutamate intraperitoneal injection did
not affect UCP1 and PPARYy levels in BAT (Appendix Fig S3G).
Conversely, when ASNase was used to wipe out serum aspara-
gine (Fig 3A and B), mice were hypothermic during acute cold chal-
lenge and expressed considerably less PGCla, UCP1, and PPARY in
BAT and inguinal WAT (Fig 3C and D). Serum aspartic acid level in

© 2021 The Authors

ASNase group was increased about 3-fold due to asparagine catabo-
lism by ASNase (Fig 3B). Unexpectedly, ASNase treatment led to
increase in another 7 amino acids in serum (Fig EV3A), possibly
due to the depleted asparagine compromising these amino acids
exchange with asparagine to import into cells (Krall et al, 2016).
The food intake and weights of adipose tissues were similar
between the control and ASNase-treated mice (Fig EV3B and C).
However, similar to patients subjected to ASNase treatment,
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decreased serum asparagine was associated with higher serum
triglyceride levels in these mice (Fig 3E). The repressed thermogenic
gene expression and upregulated lipolysis gene level in adipose
tissues may contribute to the hyperlipidemia upon depleting serum
asparagine (Fig EV3D-F). Furthermore, larger size of lipid droplets
was seen in brown adipocytes and there was scare of beige adipo-
cytes appearance in inguinal WAT (Fig 3F). Despite the depletion of

Yingjiang Xu et al

serum asparagine had profound impact on gene expression in
adipose tissues, systemic metabolic parameters measured by indi-
rect calorimetry were not changed (Fig EV3G and H). We assumed
that some other tissues or organs probably underwent enhanced
metabolism as compensation. Collectively, these data suggest a role
of asparagine in modulating thermogenesis and lipid metabolism in
brown and beige fat tissues.
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Figure 2. Increase of asparagine supply stimulates adipose thermogenesis in vivo.

A C57BL/6) male mice fed on a chow diet drank water with or without asparagine at a concentration of 1.5 g/I for 3 weeks. Mice were acutely exposed to 4°C for 6 h
to measure rectal temperature or intraperitoneally (i.p.) injected CL316243 (1 mg/kg body weight) for one time for other assays.
B Mice serum amino acid concentration after 3-week asparagine feeding. n = 5 mice each group.

C  Asparagine content in BAT of mice in (B). n = 5 mice each group.

Rectal temperature was measured when mice in (A) were challenged to 4°C. n = 5 mice each group.
E, F Serum insulin (E) and triglyceride (F) concentration was assayed in mice 24 h after one dose of CL316243 injection. n = 5 mice each group.

G UCP1 and PPARy protein levels in BAT and inguinal WAT (i\WAT) from mice in (E).

H  Representative pictures of BAT and inguinal WAT (iWAT) hematoxylin and eosin staining from mice in (E). Scale bar: 20 um for BAT, 50 pum for iWAT.
I,]  Mice supplemented with asparagine in drinking water for 3 weeks were subjected to the indirect calorimetry analysis at both basal (1) and CL316243-stimulated (J)

states. n = 5 mice each group.

Data information: Data represent means £ SEM. *P < 0.05; **P < 0.01; ***P < 0.001; unpaired two-tailed Student’s t-test.

Source data are available online for this figure.

Obese mice supplemented with asparagine are sensitive to p3
adrenergic agonist

Obesity impairs p3-adrenergic agonist-dependent brown and beige
adipocyte activation (Kubo et al, 2019; Shin et al, 2019). Next, we
asked whether asparagine supplementation enhanced adipose tissue
response to P3-adrenergic agonist in diet-induced obese mice. Mice
administered asparagine in drinking water were fed a high-fat diet
for 14 weeks (Fig 4A). During this period, there was no significant
difference in body weight gain (Fig 4B) between the asparagine-fed
and control groups. Then, CL316243 was injected daily in the
following 4 weeks. A blunted weight gain and slightly but signifi-
cantly improved systemic glucose tolerance were observed in the
asparagine-fed group (Fig 4B and C). Asparagine feeding even
significantly decreased serum insulin and triglyceride levels (Fig 4D
and E), indicating improved systemic glucose and lipid homeostasis.
A reduction in epididymal WAT mass was shown in asparagine-fed
mice (Fig 4F). Hematoxylin and eosin staining displayed less lipid
storage in fat tissues (Fig 4G). Moreover, asparagine-fed group
exhibited elevated UCP1 expression, but similar PPARy levels in
both brown and inguinal fat tissues (Fig 4H).

Asparagine stimulates glycolysis in brown and beige adipocytes

The sympathetic nervous system plays an essential role in adipose
thermogenesis. Acute cold exposure stimulates sympathetic nerves
to release noradrenaline, which activates the B-adrenergic receptors
on adipocytes to spur lipolysis and thermogenic respiration through
PKA signaling cascade (Zeng et al, 2015; Morrison, 2016). To
explore how asparagine administration enhances thermogenesis in
adipose tissues, we analyzed the expression of tyrosine hydroxylase
(Th), the rate-limiting enzyme in catecholamine biosynthesis, B-
adrenergic receptors (Adrb), and phosphorylated PKA substrates in
mice injected asparagine. Actually, there was no significant dif-
ference in Th, Adrb levels, and PKA responsiveness between the
asparagine and control groups (Appendix Fig S4A—C).

There is a possibility that asparagine is converted to aspartic acid
or oxaloacetate in brown adipocytes for anaplerosis of tricarboxylic
acid cycle (TCA cycle), although it is generally considered that
mammalian cells lack enough ASNase activity (Pavlova et al, 2018).
To gain an insight in metabolic adaption elicited by asparagine supply,
we conducted metabolomics analysis with particular attention focused
on energy metabolism (Fig 5A, Appendix Table S2). Strikingly, the
levels of some intermediate of glycolysis, including fructose-6-

© 2021 The Authors

phosphate (F6P) and fructose-1,6-bisphosphate (F-1,6-BP), had about
2-fold rise in brown fat cells provided with asparagine (Fig 5B).
Glucose-6-phosphate (G6p), the product of the first reaction in glycoly-
sis, also tended to be higher in the asparagine group relative to the
control (P = 0.06) (Fig 5B). In contrast, the levels of TCA cycle inter-
mediates, such as cis-aconitate and isocitrate, had about 20-30%
decrease upon asparagine treatment. The level of acetyl-CoA tended to
be lower in the asparagine group (P = 0.06, Fig EV4A). The signifi-
cantly increased F6P and F-1,6-BP levels probably resulted from
enhanced glycolysis or declined reactions downstream of aldolase. To
pinpoint the underlying reasons, we measured the expression of the
key enzymes of glycolysis and TCA cycle (Fig 5C). Asparagine treat-
ment markedly increased the protein levels of hexokinase 2 (HK2),
phosphofructokinase (PFK), and pyruvate kinase (PK), the three rate-
limiting enzymes of glycolysis, in primary and immortalized brown fat
cells, brown and inguinal white fat tissues (Figs SD-F and EV4B).
Such treatment did not affect the key enzyme levels in TCA cycle
(Fig SE and F). In comparison, exhausting serum asparagine by
ASNase abolished HK2, PFKL, and PKM protein expression, with
marginal effect on citrate synthase (Cs), isocitrate dehydrogenase
(Idh3a), and oxoglutarate dehydrogenase (Ogdh) levels (Fig 5G).
Feeding asparagine to cultured adipocytes from day 4 to 6 was also
able to promote PKM expression (Fig EV4C). Knocking down Ucp! in
brown adipocytes did not impede asparagine-induced PKM expres-
sion, indicating that the enhanced glycolysis was independent of acti-
vated thermogenesis (Appendix Fig S4D). The existence of a subgroup
of glycolytic beige adipocytes has been reported recently (Chen et al,
2019). We determined the expression of their marker genes, and no
induction was observed in inguinal WAT of asparagine-fed mice
(Appendix Fig S4E). Interestingly, the enhanced expression of glycoly-
sis enzymes was refined to adipose tissues, as the expression of HK2
and PKM in livers and muscles was not changed by asparagine feeding
(Appendix Fig S4F and G). All these data indicate that asparagine
supplementation might inspire glycolysis in adipose tissues by upregu-
lating the expression of the key enzymes.

To determine whether the increase in glycolysis enzymes coordi-
nates with an increase in glucose flux, we further analyzed metabolite
levels following a 30-min pulse of [U-13C]-glucose in mature brown
adipocytes after asparagine supplementation (Fig 6A). Indeed, in vitro
glucose tracing revealed a 1.5- to 4-fold increase in '*C-glucose-derived
metabolites, including '3Cs-F6P, '*Cs-dihydroxyacetone phosphate,
13Cy-glyceraldehyde  3-phosphate, '*Cs-lactate, '3Cs-glycerol  3-
phosphate, 13C3—alanine, and 13C3—serine. Remarkably, the level of 13C6-
F-1,6-BP was 8-fold higher relative to the control cells (Fig 6B). TCA
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Figure 3. Asparaginase-treated mice are cold-intolerant and hypertriglyceridemia.

A C57BL/6) male mice were injected with asparaginase (ASNase) or PBS every 3 days for 2 weeks. Mice were exposed to 4°C for 6 h before sacrifice for gene expression

analysis.

Rectal temperature in mice of (A) during cold exposure. n = 5 mice each group.
BAT and inguinal WAT (iWAT) gene expression analysis in mice of (A).
Serum triglyceride levels in mice of (A). n = 5 mice each group.

m m g 0O W

Serum asparagine and aspartic acid concentration in mice of (A). n = 5 mice each group.

Hematoxylin and eosin staining of BAT, inguinal WAT (i\WAT), and epididymal WAT (eWAT) of mice in (A).

Data information: Data represent means £+ SEM. *P < 0.05; **P < 0.01; ***P < 0.001; unpaired two-tailed Student’s t-test.

Source data are available online for this figure.

cycle metabolites, such as '*Cs-citrate, *C,-fumarate, *C,- and *Cs-
malate, 13C3— and 13C4—oxaloacetate, were all significantly increased in
asparagine group as compared to the control (Fig EV4D and E). In line
with the intracellular metabolomics assay, there was less glucose and
more lactate detected in the culture media of asparagine-treated cells
(Fig 6C and D). These results clearly demonstrated that exogenous
asparagine promoted glycolysis and even glycolysis-derived glycerol 3-
phosphate, serine, and alanine synthesis in brown adipocytes.

Activation of mTORC1 is responsible for enhanced thermogenesis
and glycolysis

To understand the mechanism by which asparagine availability
affects thermogenesis and glycolysis, we first examined mRNA levels
of glycolysis enzymes after asparagine supplementation. Surprisingly,
the mRNA levels of these key enzymes were not changed in either
cultured adipocytes or brown fat tissues by asparagine availability
(Appendix Fig S5A-C). This implied that asparagine affected the
expression of these enzymes at post-transcriptional level.
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Asparagine has been reported to regulate uptake of amino acids
as an amino acid exchange factor (Krall et al, 2016). We therefore
quantified intracellular amino acid levels using LC-MS/MS methods.
Asparagine supplementation to brown adipocytes effectively raised
intracellular asparagine level by 48%, accompanied by a global
increase of most amino acids (Fig 7A). However, the level of aspar-
tic acid was similar between the asparagine-treated and control
group, implying that asparagine was not directly catabolized to
aspartic acid in brown fat cells (Fig 7A). Extensive research has
shown that amino acids including asparagine activate mTORC1
signaling (Godard et al, 2007; Zoncu et al, 2011; Krall et al, 2016;
Meng et al, 2020). In most previous studies, amino acids activated
mTORC1 pathway in cells that were starved of amino acids as a
prerequisite. We wondered whether asparagine was capable of stim-
ulating mTORC1 cascade without amino acid starvation. Detection
of downstream targets of mTORC1 displayed a drastic increase in
phosphorylation of eukaryotic translation initiation factor 4E bind-
ing protein 1 (4E-BP1) and a slight increase in phosphorylation of
ribosomal protein S6 kinase (S6K) in cultured brown adipocytes, no

© 2021 The Authors
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Figure 4. Feeding asparagine sensitized diet-induced obese mice to p3-adrenergic agonist.

A C57BL/6) male mice fed on a high-fat diet drank water with or without asparagine (1.5 g/l) for 18 weeks. In the last 4 weeks, mice were injected CL316243 daily

(0.5 mg/kg body weight).

Serum insulin levels in mice of (A). n = 5 mice each group.
Serum triglyceride levels in mice of (A). n = 5 mice each group.
Fat mass weight in mice of (A). n = 5 mice each group.

T O T mogO ®

BAT and inguinal WAT (iWAT) UCP1 and PPARy protein levels in mice of (A).

Body weight of mice in (A) during the high-fat diet feeding. n = 5 mice each group.
Glucose tolerance test was performed after a high-fat diet feeding for 17 weeks in mice of (A). n = 5 mice each group.

Representative histology pictures for BAT, inguinal WAT (iWAT), and epididymal WAT (eWAT) in mice of (A).

Data information: Data represent means £ SEM. *P < 0.05; **P < 0.01; unpaired two-tailed Student’s t-test.

Source data are available online for this figure.

matter asparagine was added for only 2 days (day 4-6) or during
the whole process of differentiation (Fig 7B, Appendix Fig S5D).
Intriguingly, the brown adipose tissue rather than livers and
muscles from asparagine-fed mice had activated mTORC1 pathway
(Fig 7C, Appendix Fig SSE), indicating that BAT was more respon-
sive to exogenous asparagine in terms of mTORC1 activation. On
the other hand, ASNase treatment remarkably suppressed mTORC1
signaling in BAT, as indicated by decrease in phosphorylation of

© 2021 The Authors

4E-BP1 and S6K (Fig 7D). However, addition of arginine, another well-
known mTORCI trigger, to the culture medium, or feeding arginine or
methionine to mice could not inspire mTORC1 activity or glycolytic
gene expression in brown adipocytes or BAT (Fig EV5A and B).
mTORC1 is a major signaling pivot for cell proliferation, metabo-
lism, and protein translation (Ben-Sahra & Manning, 2017). We
have excluded the possibility that feeding asparagine to differentiat-
ing brown adipocytes affects cell growth (Appendix Fig S1A). A
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Figure 5. Supplementation of asparagine spurs glycolysis in adipocytes.

A Heat map of metabolite relative levels in brown fat cells treated with or without 1 mM asparagine.

B Quantification of representative metabolic intermediates of glycolysis in brown fat cells as in (A). n = 3 independent experiments.

C Schematic illustration of key enzymes in glycolysis and tricarboxylic acid (TCA) cycle.

D-G Immunoblot detection of the glucose transporters, glycolysis, and TCA key enzymes in primary (D) and immortalized brown fat cell line (E), BAT from mice fed

asparagine (F) and injected asparaginase (G). Asparagine was supplemented
Fig 3D as the same samples and experimental conditions were probed.

to cells during differentiation. The HSP90 data shown in Fig 5G are a redisplay of

Data information: Data represent means + SEM. *P < 0.05; unpaired two-tailed Student’s t-test.

Source data are available online for this figure.

Click-iT AHA (azidohomoalanine) labeling assay to detect newly
synthesized proteins revealed that the translation efficiency of glyco-
lytic enzymes was considerably increased in brown fat cells supple-
mented with asparagine (Fig 7E). Additionally, when mTORC1
signaling was blocked by rapamycin, asparagine’s effect on glycoly-
sis key enzymes was abolished, accompanied by the diminished

8 of 14 The EMBO Journal ~ 40: e108069 | 2021

induction of PGCla and UCP1 (Fig 7F). Herein, the steady level of
phosphorylated AKT (Ser474) suggested that rapamycin did not
affect mTORC2 activity. To further exclude the involvement of
mTORC2, we knocked down the mTORCI-specific component
Raptor by 50% (Fig EV5C). Deletion of Raptor did not disturb adipo-
genesis as indicated by comparable level of PPARy (Fig EVSD), but

© 2021 The Authors
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Figure 6. Addition of asparagine leads to increased *3C-glucose flux in brown adipocytes.

A Brown adipocytes were induced differentiation with or without 1 mM asparagine. [U-*3C] glucose was added into culture media on differentiation day 6 for

30 min. Then, tracing analysis from U-*3C glucose was performed.

B Intracellular abundance of **C-isotopologue metabolites downstream of glycolysis in brown adipocytes. n = 5 independent experiments.
C, D Quantification of glucose (C) and lactate (D) concentration from media. The media was collected after incubated with mature brown adipocytes for 48 h.n = 3

independent experiments in (C), n = 6 independent experiments in (D).

Data information: Data represent means £+ SEM. *P < 0.05; **P < 0.01; ***P < 0.001; unpaired two-tailed Student’s t-test.

diminished asparagine-induced glycolytic and thermogenic gene
expression (Fig 7G), further confirming the importance of activated
mTORC1 in this process. The family of 4E-BPs inhibits cap-
dependent translation initiation through binding to eukaryotic trans-
lation initiation factor 4E (eIF4E). Phosphorylation of 4E-BPs
releases eIF4E, resulting in the initiation of translation. A 4E-BP1 4A
construct that mutated the four phosphorylation sites (T37/T46/
S65/T70) blocked 4E-BP1 phosphorylation upon asparagine addi-
tion. At the same time, the induction of HK2 and PKM was declined
(Fig EVSE). Collectively, our data demonstrated that mTORC1 activ-
ity in BAT was sensitive to asparagine bioavailability, and
asparagine-mTORC1 axis upregulated thermogenesis and glycolysis
in a transcriptional and post-transcriptional manner.

Discussion

Dietary proteins induce higher ratings of thermogenesis than equica-
loric amounts of carbohydrates or fat (Westerterp, 2004). The
increase in energy expenditure results from protein and urea

© 2021 The Authors

synthesis and gluconeogenesis (Keller, 2011). Relatively high
amount of protein ingestion (> 15% of energy intake from protein) is
therefore suggested for treatment of obesity (Veldhorst et al, 2008).
Different amino acid components may cause diverse nutrient-related
responses. Glutamine replenishes o-ketoglutarate for the TCA cycle
or sustains fatty acid synthesis via reductive carboxylation to form
citrate especially under low-oxygen conditions (Metallo et al, 2011;
Sun & Denko, 2014; Yoo et al, 2020). Lower glutamine levels were
reported to be in WAT from obese individuals and associate with acti-
vated pro-inflammatory pathway via O-linked N-acetylglucosamine
modification (Petrus et al, 2020). Alanine gavage to lean or diet-
induced obese mice improved glucose tolerance by robustly inspiring
AMPK signaling cascade in skeletal muscles (Adachi et al, 2018).
Serine binds and activates pyruvate kinase M2 (PKM2) to control
glycolytic flux in cancer cells (Chaneton et al, 2012). It also supports
mitochondrial dynamics, respiration, and translation by generation of
ceramide or N-formylmethionine-tRNA (Gao et al, 2018; Minton et al,
2018; Tani et al, 2018).

Asparagine is reported to be an amino acid exchange factor and
be capable of activating mTORC1. mTORCI is a primary cellular

The EMBO Journal 40: 1080692021 9 of 14
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Figure 7. Asparagine facilitates glycolysis via mTORC1 activation and exchange of amino acids.

A Quantification of intracellular amino acid levels in brown fat cells (day 6) treated with or without 1 mM asparagine. n = 4 independent experiments.

B-D mTORC1 pathway activity was analyzed by immunoblotting for the phosphorylation of 4E-BP1 and S6K in brown adipocytes (B), BAT from mice fed asparagine (C)
or asparaginase (D). (B) Asparagine was added to cultured media from day 4 to day 6.

E A Click-iT AHA labeling assay to detect newly synthesized glycolytic enzymes. The level of HSP90 in total cell lysates was used as a loading control.

F Brown preadipocytes were induced to differentiation with or without 1 mM asparagine. Rapamycin (75 nM) was added to cells for 48 h. Then, Western blot
detected protein expression on day 6.

G Brown preadipocytes were knocked down Raptor following standard induction to mature adipocytes with or without asparagine supplementation. Protein
expression analysis was performed on day 6.

Data information: Data represent means £+ SEM. *P < 0.05; **P < 0.01; ***P < 0.001; unpaired two-tailed Student’s t-test.
Source data are available online for this figure.
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signaling hub that sensors amino acid availability and exerts meta-
bolic control (Ben-Sahra & Manning, 2017). Activation of mTORC1
was reported to be essential for BAT recruitment and browning
(Labbe et al, 2016; Liu et al, 2016). We verified acute cold challenge
spurred mTORC1 cascade in BAT, supporting that mTORC1 proba-
bly played a part in heat generation in BAT (Fig EV5F). mTORC1
signaling increases Pgclo gene transcription in muscles (Cunning-
ham et al, 2007), and our data demonstrated that asparagine-
activated mTORCI also promoted Pgcla transcription in adipocytes.
The Ucpl induction by asparagine was completely abolished when
Pgclo was knocked down.

Asparagine stimulated mTORC1 to boost glycolysis, mani-
fested by increased glucose metabolic flux in brown adipocytes.
Glucose has recently been proposed to act as the main energetic
source for thermogenesis in adipose tissues especially in the fed
condition (Nguyen et al, 2020). In response to isoproterenol,
brown fat cells enhance glycolysis to support thermogenesis, as
evidenced by a 3-fold increase in intracellular lactate levels
(Nguyen et al, 2020). Pyruvate produced from glycolysis could
be transported into mitochondria for TCA cycle, providing elec-
trons to electron transport chain to power thermogenesis
(Nguyen et al, 2020). Deletion of mitochondrial pyruvate carrier
1 (Mpcl) by Ucpl-Cre transgene results in impaired cold adapta-
tion (Panic et al, 2020). Glucose feeds de novo lipogenesis by
providing acetyl-CoA and glycerol moiety of triglycerides as well
(Yu et al, 2002; Held et al, 2018), which restores intracellular
lipid content burnt by thermogenesis. Knockdown of glucose
transporters Glutl, Glut4 or enzymes Hk2, Pkm reduced thermo-
genesis and oxygen consumption in brown adipocytes (Winther
et al, 2018).

Increased glycolysis observed in asparagine-supplemented
adipocytes is driven by the elevated protein expression of HK2,
PFK, and PKM, but no alteration in their mRNA levels, being
consistent with the effects of mTORCI signaling on protein transla-
tion. We surmise that addition of asparagine promotes glycolysis
enzyme expression in at least three ways. First, asparagine-
facilitated amino acid exchange provides ample building blocks for
protein translation. Then, phosphorylated 4E-BP1 and S6K
promotes glycolytic enzyme translation (Proud, 2014). Lastly,
increased glucose oxidation may append a supply of ATP to power
protein synthesis. Supplement of asparagine elevated the expres-
sion of lipid synthesis genes in cultured adipocytes and adipose
tissues from mice fed a chow diet, which could be a manifestation
following enhanced glycolysis. In terms of how the asparagine
availability regulates mTORC1 activities in thermogenic adipose
tissues but leaving out of liver and muscle, it is worth further
exploration in the future.

In this study, both the asparagine feeding and ASNase adminis-
tration to mice were systemic intervention. The observed effects in
adipose tissues cannot rule out the possibility of secondary to other
tissues. In light of in vitro adipocytes respond to asparagine supple-
mentation autonomously, the effects of asparagine on mice is at
least partly derived from adipose tissues.

Taken together, increased systemic pool of asparagine promotes
thermogenesis and enhances glycolysis and lipogenesis through
asparagine-mTORC1 axis in BAT. Asparagine supplementation may
serve as a promising nutritional strategy to improve systemic energy
homeostasis.

© 2021 The Authors
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Materials and Methods
Animal studies

All studies involving animal experimentation were approved by
the Fudan University Shanghai Medical College Animal Care and
Use Committee. Male C57BL6 mice were purchased from the Ling-
chang Biotechnology Company Limited (Shanghai, China). All the
mice were maintained on a standard rodent chow diet with 12-h
light and dark cycles. Water and food intake was measured daily
for individually caged mouse for 1 week. Asparagine (Sangon,
China; A694341-0100) supplement was performed by mice drink-
ing water dissolved L-asparagine at 1.5 g/1 for 3 weeks or injected
intraperitoneally daily (L-asparagine in phosphate-buffered saline)
at 200 mg/kg body weight for 2 weeks. As a control, mice were
administered arginine hydrochloride (12.6 g/l) or methionine
(3 g/D) in drinking water for 3 weeks, or intraperitoneally injected
alanine or glutamate every other day at 300 mg/kg body weight
for 3 weeks. For L-asparaginase study, mice were administered L-
asparaginase (ASNase, ProSpec; ENZ-287) at 2 U/g body weight
every 3 days for 2 weeks through intraperitoneal injections. For
acute cold exposure, 8-week-old male C57BL/6J mice housed at
22°C were transferred to 4°C for indicated time, and rectal temper-
ature was monitored every hour using the animal electronic ther-
mometer (ALT-ET03; Shanghai Alcott Biotech CO.LTD). High-fat
diet (HFD) with 60% of calorie from fat was purchased from
Research Diets (D12492). HFD feeding was started when mice were
5-week-old. B3-adrenergic agonist CL316,243 (Sigma, C5976) was
administered by daily intraperitoneal injection at a dose of 0.5 mg/
kg body weight after a 14-week high-fat diet feeding. For glucose
tolerance test (GTT), glucose was administered by intraperitoneal
injection at 2 g/kg body weight after 16-h fasting. For indirect
calorimetry assay, mice were placed in the Columbus Instruments
Comprehensive Lab Animal Monitoring System and allow to accli-
mate. The energy expenditure and respiration were monitored at
basal and after one dose of CL316243 injection (1 mg/kg body
weight).

Serum insulin, triglyceride, and amino acid levels

Serum insulin level was measured through an insulin ELISA kit
(Mercodia, Uppsala). Serum triglyceride level was analyzed using a
triglyceride assay kit (Applygen Technologies Inc., China; E1003-
125) according to the manufacturer’s instruction. Serum amino acid
levels and the asparagine level in BAT were quantified using the LC-
MS/MS method reported previously (Wang et al, 2017).

Adipocyte culture and differentiation

The immortalized brown preadipocytes, primary brown or beige
adipocytes are cultured and induced differentiation following the
standard protocol as described previously (Pan et al, 2015; Zhao
et al, 2020). Briefly, confluent brown preadipocytes (day 0) were
induced by DMEM (Thermo Fisher, 11965092) containing 10% FBS,
20 nM insulin, 1 nM T3, 0.5 uM dexamethasone, 0.5 mM isobutyl-
methylxanthine, and 0.125 mM indomethacin for 48 h (day 0-2).
Then, cells were switched to DMEM with 10% FBS, 20 nM insulin,
1 nM T3 for another 4 days (day 2-6) to get fully differentiated.
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Beige adipocytes differentiation is similar except DMEM/F-12
medium, 850 nM insulin instead, and CL316,243 (10 uM) treatment
for 12 h on day 6. Generally, asparagine (1 mM) was added to
culture media during adipocyte differentiation (day 0-6), otherwise
as indicated. In some experiments, differentiated brown adipocytes
were treated with CL316243 (10 uM) for 12 h, or rapamycin
(75 nM, Meilunbio, 53123-88-9) for 48 h as indicated.

Metabolomics

The brown preadipocytes were induced to mature adipocytes
following the standard protocol with or without asparagine (1 mM)
supplement during the differentiation. The mature adipocytes were
then washed twice with PBS, and metabolites were extracted using
cold methanol/acetonitrile/H20 (2:2:1, v/v/v). The intracellular
metabolites and amino acids were analyzed by LC-MS/MS (Applied
Protein Technology, Shanghai, China).

U-*3C glucose flux and LC-MS/MS analysis

Mature brown adipocytes on day 6 were washed twice with PBS,
and media was changed to glucose-free DMEM (Thermo Fisher,
A14430-01) containing 10% FBS, 20 nM insulin, 1 nM T3. U-'*C
glucose (Sigma, 389374) was added to media at a final concentra-
tion 25 mM for 30 min. Asparagine (1 mM) was supplemented to
the experimental group in the whole process. Then, aspirate the
medium completely and 80% methanol (cooled to —80°C) was
added to the plates following incubation at —80°C for 20 min. Polar
metabolites were separated by centrifugation at 4,000g for 10 min.
The supernatant was lyophilized for LC-MS/MS analysis performed
by Shanghai MetMass Inc. (Yuan et al, 2019).

Oxygen consumption assays

Cultured brown adipocytes supplemented with or without L-
asparagine were collected by trypsinization. Cellular respiration was
measured in 1 ml phosphate-buffered saline containing 25 mM
glucose, 1 mM pyruvate, and 2% BSA with a Clark-type oxygen
electrode (Oxygraph+ system, Hansatech). Data were normalized by
total protein content.

Lactate and glucose content in culture media

Fresh differentiation media was replenished for brown adipocytes
on day 4. The media was collected on day 6 to determine the lactate
and glucose content by biochemical assay kits (A019-2-1 for lactate,
Jiancheng Bioengineering Institute, China; E1010 for glucose, Apply-
gen Technologies, China).

Quantification of de novo synthesized proteins

Click-iT AHA (L-azidohomoalanine) metabolic labeling kit (Molecu-
lar Probes, C10102, C10276) was used to quantify nascent protein
synthesis (Dieterich et al, 2006). Briefly, cultured adipocytes (day 3)
in 6-cm dish were washed once with PBS and incubated with
methionine-free medium (21013, Thermo Fisher) at 37°C for 1 h to
deplete methionine reserves. Then, AHA was added to media and
incorporated into nascent protein replacing methionine. After 4-h
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labeling, cells were collected and biotin alkyne (B10185, Molecular
Probes) was used to capture AHA-labeled proteins. The biotin
conjugates can subsequently be pulled down by streptavidin beads
(11205D, Thermo Fisher) and analyzed by Western blot.

Plasmids and viruses

Short hairpin RNA (shRNA) lentiviral constructs were generated
using psp-108 vector (Addgene). Viruses were prepared by co-
transfection along with plasmids pMD2.G (Addgene) and psPAX2
(Addgene) into HEK293T cells. The viral supernatant was collected
48 h after transfection. Lentiviruses expressing shRNAs infect prea-
dipocytes following selection with puromycin, and cells were plated
for differentiation. ShRNA-targeting sequences are listed in
Appendix Table S3. Human 4EBP1-4A cDNA was synthesized by
mutating T36, T47, S65, and T70 residues to alanines (Thoreen
et al, 2012) and then inserted into a lentiviral vector.

RNA preparation and quantitative real-time PCR

Total RNA from cells and tissues was isolated using TRIzol (invitro-
gen), and reverse transcription was performed with HiScipt® Q RT
SuperMix (Vazyme) following the manufacture’s protocol. Quantitative
real-time PCR (QPCR) was executed with ViiA 7 Real-Time PCR system
(Applied Biosystems). Primer sequences are in Appendix Table S3.

Western blot analysis

Cell or tissue samples were homogenized in cell lysis buffer
[150 mM NaCl, 0.5% Triton X-100, 5% glycerol, 50 mM Tris—HCl
(pH 7.5), 1 mM PMSF and protease inhibitor mixture cocktail
(Roche)]. Then, lysates were subjected to centrifugation at 13,0008
for 10 min at 4°C. Supernatants were quantified for protein concen-
tration and analyzed by Western blotting with indicated antibodies.
The antibody information is listed in Appendix Table S4.

Data analysis

Data are presented as mean + standard error of the means. Dif-
ferences between two groups were assessed using the unpaired
two-tailed Student’s t-test. Statistical significance was shown as
*P < 0.05, **P < 0.01, or ***P < 0.001.

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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