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Activation of energy-dissipating brown/beige adipocytes
represents an attractive therapeutic strategy against metabolic
disorders. While lactate is known to induce beiging through
the regulation of Ucp1 gene expression, the role of lactate
transporters on beige adipocytes’ ongoing metabolic activity
remains poorly understood. To explore the function of the
lactate-transporting monocarboxylate transporters (MCTs), we
used a combination of primary cell culture studies, 13C isotopic
tracing, laser microdissection experiments, and in situ immu-
nofluorescence of murine adipose fat pads. Dissecting white
adipose tissue heterogeneity revealed that the MCT1 is
expressed in inducible beige adipocytes as the emergence of
uncoupling protein 1 after cold exposure was restricted to a
subpopulation of MCT1-expressing adipocytes suggesting
MCT1 as a marker of inducible beige adipocytes. We also
observed that MCT1 mediates bidirectional and simultaneous
inward and outward lactate fluxes, which were required for
efficient utilization of glucose by beige adipocytes activated by
the canonical β3-adrenergic signaling pathway. Finally, we
demonstrated that significant lactate import through MCT1
occurs even when glucose is not limiting, which feeds the
oxidative metabolism of beige adipocytes. These data highlight
the key role of lactate fluxes in finely tuning the metabolic
activity of beige adipocytes according to extracellular meta-
bolic conditions and reinforce the emerging role of lactate
metabolism in the control of energy homeostasis.

Thermogenic brown and beige adipose tissues increase
systemic energy expenditure and represent putative targets to
cure obesity and related metabolic diseases including type II
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diabetes (1, 2). The energy-dissipating capacity of brown adi-
pocytes is due to a high mitochondrial content and the
expression of uncoupling protein 1 (UCP1) inside the mito-
chondrial inner membrane, which enables heat production
through acceleration of the mitochondrial electron transport
chain. Although sharing phenotypic, metabolic, and functional
similarities with brown adipocytes, multilocular adipocytes
expressing UCP1 interspaced within white adipose tissue (3–5)
are distinct cells, with specific molecular expression profiles
and different developmental origins. The number of these so-
called beige adipocytes sharply increases during cold exposure
through a process known as beiging, particularly in the murine
inguinal fat pad, while the perigonadal depot is refractory to
beiging (6). We recently highlighted the structural heteroge-
neity of the inguinal fat pad and localized cold-induced beige
adipocytes in the core of the depot, a region defined by the
tissue autofluorescence signal (7) and constituted by inter-
connected and complex 3D polylobular entities (8). Different
studies suggest that, depending on the nature or the length of
the stimulation of the fat pad, cold/β-adrenergic signaling
promotes de novo beige fat differentiation and/or induction of
UCP1 in mature adipocytes (9–12). Besides the therapeutic
perspectives associated with the beiging-dependent remodel-
ing of adipose tissues, the mechanisms regulating beige
adipocyte metabolic activity still remain incompletely
understood.

It has been recently demonstrated that beige adipocytes
appear in different physiopathological conditions, including
cancer-associated cachexia (13, 14), intermittent fasting (15),
or physical exercise (16), suggesting function(s) that are
distinct from thermogenesis (17). We recently described that
lactate, a metabolite produced when the glycolytic production
of pyruvate exceeds mitochondrial oxidative capacities and
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Lactate fluxes in beige adipocytes
acting as a redox substrate and signaling metabolite (18, 19), is
a strong inducer of UCP1 expression in adipocytes (20). This
occurs through intracellular redox modifications subsequent
to its transport. The regulation of UCP1 expression by lactate
has been confirmed by others (21, 22). This mechanism might
be part of a redox regulatory and adaptive loop (17, 23) where
a high redox (NADH/NAD+) pressure drives UCP1 expres-
sion, just as mitochondrial reactive oxygen species positively
control UCP1 protein activity (24). Lactate also stimulates
fibroblast growth factor-21 expression and release by beige
adipocytes (25), independently of the redox state, highlighting
the diversity of signaling mechanisms responsive to lactate in
these cells (23). Among several members of the proton-linked
monocarboxylate transporters (MCTs) family that transport
lactate, pyruvate, and ketone bodies (26, 27), the MCT1 iso-
form is known to be expressed by several oxidative tissues,
including heart, muscle, and brown adipose tissue (BAT)
(28–32). However, the expression of MCTs by beige adipo-
cytes and their role in their metabolic activity remain to be
elucidated to efficiently recruit and/or activate them.

Herein, we report that the MCT1 protein is a marker of
inducible beige adipocytes. MCT1 is expressed at the plasma
membrane of a subset of adipocytes present in the core region
of the inguinal fat pad. These fat cells possess a beige adipocyte
gene signature at 21 �C and express the UCP1 protein after
short-term cold exposure. Using isotopic labeling experiments,
we identified MCT1 as a key transporter mediating simulta-
neous outward and inward lactate fluxes in beige adipocytes
and as a critical target and mediator of the β3 adrenergic
signaling. MCT1-dependent lactate fluxes are critical for both
glycolysis and oxidative metabolism of beige adipocytes, finely
tuning their metabolism according to the extracellular meta-
bolic conditions.

Results

Dissecting white adipose tissue heterogeneity reveals a tight
correlation between Mct1 and thermogenic gene expression

Because of the heterogeneity of the beiging-sensitive
inguinal fat pad (7, 8), we analyzed mRNA levels of the
different Mct isoforms described as lactate transporters (26,
27), i.e., Mct1, Mct2, Mct3, and Mct4, in specific regions with
different beiging abilities (Fig. 1A). The spatial heterogeneity of
this depot was highlighted by the gradient in Ucp1 expression,
with lowest mRNA levels at the periphery (region 1), inter-
mediate levels in the core of the tissue lying the extremity
(region 2), and highest levels close to the lymph node (region
3) (Fig. 1B). This gradient was observed in mice housed at
21 �C as well as after 48 h of cold exposure (Fig. 1B). Mct1
expression displayed the same pattern as Ucp1, asMct1mRNA
levels also increased from regions 1 to 3 and were significantly
upregulated following cold exposure, specifically in the region
close to the lymph node that exhibited the highest levels of
Ucp1 (Fig. 1C). This gene expression profile is specific to Mct1
as no significant difference was observed regarding Mct2 or
Mct4 expression, irrespective of the different fat pad regions or
in response to cold exposure (Fig. 1, D–E). Mct3 was not
2 J. Biol. Chem. (2021) 296 100137
detected, in accordance with its exclusive expression in retinal
cells and choroid plexus (26, 27).

To analyze gene expression with higher precision in this
very heterogeneous tissue, we analyzed Mct1 expression in
clusters of cells dissected by laser capture microdissection
(LCM; Fig. 1F), in the three regions exhibiting different levels
of Mct1 expression, at 21 �C. These experiments revealed a
tight and significant positive correlation between Mct1 and
Ucp1 mRNA levels (R = 0.881; p < 0.0001; Fig. 1, G–H) and
between Mct1 and additional thermogenic markers such as
Cidea and Cox8b (R = 0.925 and R = 0.884, respectively; p <
0.0001; Fig. 1, G, I, and J). Conversely, Mct1 mRNA levels were
negatively correlated with leptin (Ob) expression (R = 0.425;
p < 0.01; Fig. 1, G and K), known to be enriched in white
adipocytes (33). No significant correlation was found between
Mct1 and other adipogenic genes including Ap2 and Pparg2
(Fig. 1, G, L, and M). Thus, the fine dissection of the cellular
heterogeneity within the subcutaneous white fat pad high-
lighted Mct1 expression as tightly and positively correlated
with the gene signature of beige adipocytes.

MCT1 is expressed by cold-inducible beige adipocytes

In agreement with Mct1 mRNA expression patterns,
immunofluorescence experiments performed on the whole
inguinal fat pad revealed the existence of a gradient in MCT1
protein levels, from the periphery to the core of the tissue
(Fig. 2A), in 21 �C-housed animals. MCT1 was detected at the
plasma membrane of adipocytes, primarily in large clusters in
the region prone to beiging close to the lymph node (Fig. 2A).
In contrast, a very faint signal was detected at the periphery,
which is highly refractory to beiging (Fig. 2A). In addition,
heterogeneous MCT1 protein expression was also observed
within the region prone to beiging itself because MCT1− and
MCT1+ adjacent adipocytes (white and yellow arrows,
respectively; Fig. 2A) were identified. MCT1+ adipocytes
display several small lipid droplets in their cytoplasm and
exhibit a paucilocular phenotype (as described (9)), in contrast
to unilocular MCT1− adipocytes (yellow and white arrows,
respectively; Fig. 2, B–C). The same heterogeneous MCT1
staining was observed in the inguinal fat pad of mice accli-
mated at 28 �C (Fig. 2D). Analysis of the outer mitochondrial
membrane protein TOM20 indicated that MCT1+ adipocytes
exhibited a high abundance of mitochondria (Fig. 2E; yellow
arrows), in contrast to MCT1− adipocytes, which very weakly
express TOM20 (Fig. 2E; white arrows). TOM20 is almost
undetectable in MCT1− adipocytes of the region of the
inguinal fat pad, which is refractory to beiging (Fig. 2E; top
panels). Together, these results reveal a high MCT1 expression
in a subset of mature adipocytes gathered in large clusters in
the core region of the inguinal pad of mice housed at 28 �C
and 21 �C, which may exhibit distinct oxidative capacities.

We next analyzed the expression of the UCP1 protein, at
21 �C and after cold exposure, and quantified in both MCT1+

and MCT1− adipocyte subpopulations the percentage of
UCP1+ and UCP1− cells. These experiments revealed that
UCP1 was detected exclusively in the subpopulation of
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Figure 1. Tight correlation betweenMct1 expression and beige adipocytes markers in subcutaneous white adipose tissue. A–E, mice were housed at
21 �C or exposed to 4 �C during 48 h, and gene expression was assessed in selected areas. A, schematic representation of the inguinal fat pad and
localization of the three dissected areas, in the periphery (region 1), in the core of the tissue lying at the extremity (region 2), and closed to the lymph node
(region 3). B–E, mRNA expression (fold change compared with the region 1 at 21 �C [2−ΔΔCt]) of Ucp1 (B), Mct1 (C), Mct2 (D), and Mct4 (E), in regions 1, 2, and
3 (n = 6 mice per group of three independent experiments). F–M, laser microdissection experiments on inguinal fat pads of 21 �C-housed mice. Gene
expression of Mct1, Cox8b, Ucp1, Cidea, Ob, Acc, Cd36, Ap2, and Pparg2 was assessed in each microdissected cluster of cells. F, picture of an inguinal fat pad
section before and after laser microdissection. The yellow circles represent the selected areas for microdissection. The scale bar represents 500 μm. G, heat
map showing positive (brown) and negative (yellow) correlations between Mct1, Cox8b, Ucp1, Cidea, Ob, Acc, Cd36, Ap2, and Pparg2 mRNA expression. X
means no significant correlations at the 0.05 significance level. H–M, correlation graphs between Mct1 and Ucp1 (H), Cidea (I), Cox8b (J), Ob (K), Ap2 (L), and
Pparg2 (M) mRNA expression. Each dot represents a microdissected area. The color of the dot represents the region where the cluster of cells has been
dissected (see A for color code) (n = 19 microdissected areas from three independent experiments). Data are represented as mean ± SD. Two-tailed
nonparametric Mann–Whitney tests. *p < 0.05, **p < 0.01, ***p < 0.001 between regions, #p < 0.05, and ##p < 0.01 between 21 �C and 4 �C for the
same region. Pearson’s test for simple linear regressions. **p < 0.01, ****p < 0.0001.
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adipocytes expressing MCT1 (Fig. 2, F–H). Interestingly, while
only 29 ± 11% of MCT1+ adipocytes expressed the UCP1
protein at 21 �C, almost all of them turn UCP1+ after cold
exposure (90 ± 4% and 92 ± 3% of MCT1+ adipocytes after 24
and 48 h of cold exposure, respectively, Fig. 2G, top panel),
suggesting that MCT1 is expressed by cold-inducible beige
adipocytes. This is reinforced by the fact that the percentage of
UCP1+ adipocytes in the MCT1− fraction was negligible and
did not significantly increase after cold exposure (0.5 ± 0.3 to
4 ± 2%; Fig. 2G, bottom panel). In conclusion, in the inguinal
fat pad, all the paucilocular/multilocular mitochondrial-
enriched adipocytes do express MCT1, and the majority of
MCT1+ adipocytes express UCP1 after cold exposure.

In agreement with MCT1 as a bona fide marker of inducible
beige adipocytes, we could not detect any MCT1 protein in
adipocytes from the perigonadal depot at 21 �C or after 4 �C
exposure (Fig. 3, A and C), which is refractory to cold-induced
beiging (6). As previously reported (29–32), we detected high
expression of MCT1 in BAT (Fig. 3B [yellow arrows], Fig. 3D).
Indeed, all multilocular brown adipocytes expressing UCP1 are
MCT1+ (Fig. 3D). Note that theMCT1 protein was not detected
in white adipocytes surrounding BAT (Fig. 3B; white arrows).

Together, these findings reveal that MCT1 is expressed in
classical brown adipocytes and white adipocytes susceptible to
beiging remodeling but not in white adipocytes refractory to
this process.

MCT1 is a transcriptional target of the β3-adrenergic pathway
and not required for its signaling effect on Ucp1 expression

To determine whether the cold-induced Mct1 expression
observed in vivo (Fig. 1C) could be due to the β3-adrenergic
signaling pathway, we treated primary differentiated adipo-
cytes with the β3-adrenergic receptor agonist CL316.243 (CL).
We found that CL, which upregulated Ucp1 expression as
expected (Fig. 4A), also increased Mct1 expression in primary
differentiated adipocytes (Fig. 4B). As the same effect was
observed with the cAMP-rising agent forskolin (Fig. 4, A–B),
we concluded that Mct1 expression was regulated by a cAMP-
dependent signaling, further suggesting its functional role in
cold-induced beige adipocytes. To study the involvement of
MCT1 in β3-adrenergic regulation of Ucp1 expression, we
tested the effect of AZD3965 (AZD), an established MCT1
inhibitor (34–37). Treatment with 50 nM AZD did not hamper
CL-induced Ucp1 expression (even at higher doses, data not
shown) suggesting that MCT1 was not involved in the
signaling cascade linking the β3-adrenergic receptor to the
regulation of Ucp1 expression (Fig. 4C). We then investigated
the effect of AZD on lactate-induced Ucp1 expression, using
sodium-L-lactate (and not lactic acid to avoid pH changes) at a
concentration of 25 mM, known to give rise to the maximal
induction of Ucp1 (as shown by the dose-dependent effects
reported (20)). We found that AZD abrogated lactate-induced
Ucp1 expression (Fig. 4C), confirming previous data obtained
with other MCT inhibitors (20), and further highlighting the
role of intracellular lactate on the regulation of Ucp1 expres-
sion. These data clearly indicate the existence of two
4 J. Biol. Chem. (2021) 296 100137
independent signaling pathways regulating Ucp1 expression,
one mediated by MCT1/lactate and the other mediated by β3
adrenergic receptor. Altogether these data reveal that MCT1 is
a transcriptional target of the β3 adrenergic pathway and is not
involved in the regulation of Ucp1 expression by β3 agonists.

MCT1-dependent lactate fluxes are required for β3-adrenergic
activation of glycolysis in beige adipocytes

We next investigated the role of MCT1 in the metabolism of
beige adipocytes. The effect of AZD on lactate metabolism was
first studied by monitoring lactate content in the supernatant
of primary adipocytes. Time-course experiments highlighted a
biphasic curve where adipocytes exhibited a first phase of net
lactate release and a second phase of net lactate consumption
after 32 h in culture (Fig. 5A). Lactate release was significantly
reduced by AZD (Fig. 5, A–B), showing the primary role of
MCT1 in lactate export. The residual export is probably
because of other isoforms such as MCT4 (20, 38) although we
could not detect its protein expression in adipocytes in vivo
(data not shown). Strikingly, inhibiting MCT1 abrogated
lactate consumption by primary differentiated adipocytes
(Fig. 5, A and C), as found in cell lines (38). As expected
(39–41), lactate production was increased upon treatment with
the β3-adrenergic receptor agonist, and we found that MCT1
activity was required for this effect (Fig. 5, A–B). Of note, the
rate of lactate consumption was comparable in CL-treated
cells compared to control conditions (Fig. 5, A and C).

Because lactate is mostly derived from glucose catabolism,
we next analyzed the consequences of MCT1 inhibition on
glucose consumption. We found that inhibiting lactate trans-
port strongly reduced the glycolytic flux in beige adipocytes as
blocking lactate transport using AZD reduced glucose con-
sumption and abrogated CL-mediated increased glucose up-
take (Fig. 5, D–E). However, the contribution of glucose for the
production of lactate was equal in all conditions. This was
shown by isotopic studies in which we measured by NMR the
labeling patterns of lactate produced by cells incubated with
U-13C-glucose (Fig. 5F). We found that approximately 80% of
lactate was derived from exogenous glucose, whatever CL or
AZD treatments (Fig. 5G). Together, these experiments indi-
cate that inhibiting lactate transport did not change the frac-
tion of glucose contributing to lactate production but
significantly impaired the glycolytic flux and reveal the
importance of MCT1-dependent lactate fluxes for efficient
utilization of glucose by beige adipocytes activated by the ca-
nonical β3-adrenergic signaling pathway.

Concomitantly to lactate export, lactate import through MCT1
feeds the oxidative metabolism of beige adipocytes

As lactate net consumption was observed after 32 h of
culture (Fig. 5A) when glucose concentration in the superna-
tant was very low (0.84 mM in control cells; Fig. 5D), we asked
whether lactate import also occur in conditions where glucose
is not limiting. To answer this question, cells were cultivated
for 6 h in fresh medium, and then U-13C lactate was added to
the medium. The concentration of labeled lactate added to the



Figure 2. MCT1 is a marker of cold-inducible beige adipocytes. A–F and H, representative confocal images of 300 μm sections from inguinal fat pad
isolated from 21 �C-housed mice (A, B, C, E, and H), mice acclimated to thermoneutrality (28 �C) (D), exposed to cold during 7 days (4 �C) (F) or exposed to
cold during 2 days (4 �C) (H), stained with antibodies recognizing MCT1 (green) (A–F and H), costained with the BODIPY lipid probes (red) (B–C), the
mitochondrial marker TOM20 (red) (E), and UCP1 (red) (F and H). Nuclei were stained with DAPI (blue). A, C, D, and E, yellow arrows represent MCT1+ ad-
ipocytes and white arrows represent MCT1−adipocytes. The scale bar represents 500 μM (A, left), 20 μM (A, right), 150 μM (B), 100 μm (E and H), and 50 μM
(C–D). F, two adjacent but highly different clusters of cells in the inguinal fat pad of a 4 �C-exposed mice are observed: a cluster containing MCT1+ UCP1+

adipocytes at the top-left (yellow arrows) and a cluster lacking both MCT1 and UCP1 protein expression (MCT1−UCP1−) at the bottom right (white arrows).
The scale bar represents 50 μM. G, quantification of the percentage of UCP1+ and UCP1− adipocytes in MCT1+ (top panel) and MCT1− (bottom panel) cells in
inguinal fat pad of mice housed at 21 �C or exposed to cold (4 �C) for 24 or 48 h (n = 4 mice; for each mice, the average of four images per tissue was
performed for each condition). Data are represented as mean ± SD. Two-tailed nonparametric Mann–Whitney tests. *p < 0.05. DAPI, 40 ,6-diamidino-2-
phenylindole; MCT1, monocarboxylate transporter 1; UCP1, uncoupling protein 1.
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Figure 3. Expression of MCT1 and UCP1 in perigonadal white adipose tissue and interscapular brown adipose tissue. A and C, representative
confocal images of 300 μm sections from perigonadal white fat pad isolated from 21� C (A) or 4� C (C) housed mice. B and D, representative confocal images
of 300 μm sections from interscapular BAT isolated from 21� C (B) or (D) 4 �C housed mice, stained with antibodies recognizing MCT1 (green) and costained
with the (A–B) BODIPY lipid probe (red) or (C–D) UCP1 (red). The scale bar represents 150 μm. BAT, brown adipose tissue; MCT1, monocarboxylate
transporter 1; UCP1, uncoupling protein 1; WAT, white adipose tissue;

Lactate fluxes in beige adipocytes
medium, i.e., 2 mM, was chosen to minimize the addition of
lactate while adding enough labeled lactate to measure the
influx. The evolution of both 12C and 13C lactate concentra-
tions in the medium was monitored from the NMR analysis of
samples collected at different time points of the cultivation. As
expected, a net production of lactate was observed (Fig. 6B),
consistent with the glycolytic conversion of glucose into
lactate. Very interestingly, a consumption of 13C lactate was
observed in the same time (Fig. 6C), indicating that both
export and import (release and consumption) of lactate
occurred at the same time. The rate of 13C lactate import was
significant (0.078 mM/h) and represented 55.19% of the export
rate (0.141 mM/h). The import rate was slightly lower upon
CL treatment but remained significant (Fig. 6, C–D). Both
lactate release and consumption were strongly reduced upon
MCT1 inhibition (Fig. 6, B–D). The strong lactate-consuming
capacities of primary adipocytes and the role of MCT1 in
lactate import were confirmed from the incubation of cells in a
medium containing lactate but no glucose (Fig. 6, E–F). In-
cubation of adipocytes with 14C lactate confirmed the MCT1-
dependent lactate uptake and showed that lactate is oxidized
into CO2 through Krebs cycle activity (Fig. 6, G–H). To further
study the link between lactate and oxidative metabolism, we
6 J. Biol. Chem. (2021) 296 100137
performed experiments in which the mitochondrial pyruvate
transport was pharmacologically inhibited using the UK5099
inhibitor. Very interestingly, we found that UK5099 abrogated
lactate import, in both glucose-containing (Fig. 6, I–J) and
lactate-containing (Fig. 6, K–L) media, demonstrating that
lactate consumption is directly dependent on the mitochon-
drial pyruvate utilization. Together, these data highlight that
MCT1 drives both the export and import of lactate and that
the imported lactate feeds the oxidative metabolism of beige
adipocytes.

Discussion

In the present work, we demonstrate that MCT1 is
expressed by inducible beige adipocytes scattered in white
adipose tissues and mediates bidirectional lactate transport, a
process that finely tunes their metabolic activation by the β3
adrenergic system upon cold exposure (Fig. 7).

MCT1 as a marker of inducible beige adipocytes

To date, there has been no report of molecular markers
predictive of the susceptibility of white adipocytes to undergo
beiging. In this work, we provide strong evidence that MCT1
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control cells [dotted line] [2−ΔΔCt]) of Ucp1 in primary inguinal differentiated adipocytes treated with 10 nM CL316.243 (Cl), 25 mM sodium-lactate (L), with or
without 50 nM AZD3965 (AZD) for 24 h (n = 4 independent primary cultures). Data are represented as mean ± SD. Two-tailed nonparametric Mann–Whitney
tests. *p < 0.05, **p < 0.01, and ***p < 0.001.
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expression is tightly correlated to the subpopulation of adi-
pocytes susceptible to cold-induced beiging remodeling. The
localization of MCT1+ adipocytes in the region of the inguinal
fat pad prone to browning, their paucilocular phenotype, their
mitochondrial enrichment, the positive correlation between
Mct1 and thermogenic gene expression at 21 �C, and the
appearance of the UCP1 protein only in MCT1-expressing
adipocytes upon 4 �C exposure together support the conclu-
sion that MCT1 is expressed by adipocytes able to quickly
initiate the thermogenic program and to express the UCP1
protein in response to cold. Whether the MCT1+ adipocytes
present at 21 or 28 �C correspond to white adipocytes un-
dergoing transdifferentiation or dormant adipocytes belonging
to the beige lineage remains to be determined, these two hy-
potheses being debated (2, 11, 42, 43). The exclusive appear-
ance of UCP1 in MCT1+ adipocytes from the beiging-sensitive
inguinal adipose tissue is highly consistent with the lack of
MCT1 protein in adipocytes from the perigonadal adipose
tissue that is refractory to cold-induced UCP1 expression. Very
interestingly, a study investigating cellular mechanisms
occurring during postnatal development of BAT in Syrian
hamster demonstrated that only adipocytes expressing MCT1
and containing middle-sized lipid droplets gave rise to mature
UCP1+ brown adipocytes during the first days after birth (32),
suggesting the existence of similar cellular processes between
beiging and the development of brown adipocytes, in which
MCT1 expression precedes UCP1 expression.

Lactate transport finely tunes the metabolic activity of beige
adipocytes

In addition to identify MCT1 as a marker of inducible beige
adipocytes, the fine characterization of lactate fluxes notably
through isotopic studies enabled us to show the existence of
concomitant lactate export and import fluxes in beige adipo-
cytes, which are both mediated by MCT1. This is consistent
with the bidirectional transport mediated by MCTs, which
depends on the electrochemical gradient of monocarboxylates
and protons (26, 27). We demonstrated that MCT1-dependent
lactate fluxes are required for the efficient utilization of glucose
by beige adipocytes, which was not yet reported in this cell
type, although glucose metabolism is largely known to support
the metabolic activity of brown/beige adipocytes (44–47). We
also demonstrated that MCT1 is a transcriptional target of the
β3-adrenergic pathway, further highlighting its role in adipo-
cytes upon cold condition. The feedback inhibition on
glycolysis when lactate export is impaired has been also re-
ported in cancer cells (48–50) and probably occurs through a
redox-dependent mechanism. Indeed, the conversion of py-
ruvate into lactate by lactate dehydrogenase is critical for the
regeneration of NADH into NAD+, the mandatory coenzyme
for the glycolytic glyceraldehyde dehydrogenase activity. When
the lactate transport is blocked, lactate accumulates intracel-
lularly, and the lactate dehydrogenase reaction slows down,
resulting in lower NAD+ regeneration and high NADH/NAD+

ratio. This alteration in redox homeostasis can lead to cell
death (48). The importance of redox homeostasis for brown
adipocytes has been recently highlighted by the identification
of Aifm2 oxidase, involved in NAD+ regeneration and glyco-
lytic activity of BAT (51). Our data also show that MCT1-
dependent lactate import is significant even in conditions
where glucose is not limiting, further highlighting the impor-
tant contribution of lactate inward flux to the biology of beige
adipocytes including the regulation of Ucp1 expression. We
also demonstrated that the entering lactate can feed the
J. Biol. Chem. (2021) 296 100137 7
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oxidative metabolism of beige adipocytes. The significant in-
fluence of lactate on oxidative metabolism is consistent with its
effects on mitochondrial uncoupled respiration (20). We also
demonstrated that lactate consumption depends on the
mitochondrial utilization of pyruvate. As the reaction catalyzed
by lactate dehydrogenase is governed by the law of mass ac-
tion, our results suggest that the mitochondrial utilization of
pyruvate pulls the lactate dehydrogenase reaction toward
lactate utilization, and hence favors lactate import. The
importance of lactate as an oxidative substrate has been
recently highlighted (52). The β3 adrenergic system stimulated
both glycolysis and lactate production but did not increase
lactate consumption rate. As MCT1 was not involved in the
signaling effect of the β3 adrenergic system on Ucp1 expres-
sion, it therefore appears that MCT1-dependent lactate fluxes
are key for cold-induced glucose consumption by beige
J. Biol. Chem. (2021) 296 100137 9



Figure 7. MCT1-dependent lactate fluxes finely tune the metabolic activity of beige adipocytes. This study highlighted MCT1 as a marker of cold-
inducible beige adipocytes that mediates concomitant lactate export and import fluxes, which regulate glucose consumption and oxidative metabolism
of beige adipocytes. ETC, electron transport chain; LDH, lactate dehydrogenase; MCT1, monocarboxylate transporter 1; TCA, tricarboxylic acid cycle; UCP1,
uncoupling protein 1.
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adipocytes but not for cold-induced signaling effects on Ucp1
expression. Further investigations are therefore definitively
needed to decipher the physiological and pathophysiological
situations stimulating net lactate consumption by beige (and
brown) adipose tissues.

The bidirectional exchange through MCT1 participates to
equilibrating the internal and external lactate pools. As a
result, the level of exogenous lactate is directly impacting the
internal concentration of lactate, hence the equilibrium of the
lactate dehydrogenase reaction, the NADH/NAD+ ratio, and
thus the glycolytic activity. This process may represent an
efficient mechanism for sensing extracellular lactate levels and
fine tuning the metabolic activity of beige adipocytes. Because
beige adipocytes strongly express MCT1 and exhibit intense
metabolic activity, one can also speculate that they could play a
key role in dissipating high redox pressure in their microen-
vironment (17, 23). In conclusion, we propose that MCT1, by
10 J. Biol. Chem. (2021) 296 100137
enabling an efficient exchange of lactate across the plasma
membrane, tightly connects extracellular metabolic conditions
to the intracellular metabolic activity of beige adipocytes and
that lactate fluxes are key regulators of the metabolic activity in
beige adipocytes.
Experimental procedures

Animal experiments

Animal studies were carried out using 6-week-old male
C57BL/6J mice obtained from the Envigo Laboratory. All an-
imals were housed with three to five mice per cage in a
controlled environment on a 12 h light/dark cycle with unre-
stricted access to water and a standard chow diet in a
pathogen-free animal facility. All studies were carried out
under the Institut National de la Santé et de la Recherche
Médicale (INSERM ) Animal Care Facility guidelines and local
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ethical approval by the Institutional Animal Care and Use
Committee of Région Midi-Pyrénées (France). Mice were
maintained in temperature-controlled room at 21 �C or
exposed to 28 �C (10 days) or 4 �C (24 h, 48 h, or 7 days).
Mice were killed by cervical dislocation, tissues were dissected
and processed for histology or immediately flash-frozen in
liquid N2, and stored at −80 �C until further analyses.
All experimental procedures were done in compliance
with French Ministry of Agriculture regulations for animal
experimentation.

Primary culture of adipose-derived stem/stromal cells and
adipocyte differentiation

Inguinal adipose tissue excised from mice were finely cut
out and digested at 37 �C in PBS containing collagenase NB4
(standard grade from Coger) 0.4 U/ml for 30 min. After
elimination by filtration through 25 μm filters of undigested
fragments, mature adipocytes were separated from pellets of
stromal vascular fraction cells by centrifugation (1800 rpm;
10 min). After the lysis of red blood cells, stromal vascular
fraction cells were resuspended in complete culture medium
(minimum essential medium alpha plus 0.25 units/ml
amphotericin, 100 units/ml penicillin, 100 mg/ml strepto-
mycin, biotin 0.016 mM, ascorbic acid 100 μM, panthotenic
acid 0.018 mM, and 10% newborn calf serum), counted, plated
at 10,000 cells/cm2, and then rinsed in PBS 5 h after plating.
Cells were maintained at 37 �C (5% CO2) and refed every 48 h.
Adherent adipose-derived stem/stromal cells were grown to
confluence and exposed to the adipogenic cocktail containing
5 μg/ml insulin, 2 ng/ml T3, 33.3 nM dexamethazone, 10 μg/
ml transferrin, and 0.1 μM rosiglitazone in complete medium.
Adipocytes differentiated for 5 days were treated with different
compounds at the time and concentrations as indicated in the
legends to the figures.

14C lactate uptake and oxidation assay

Differentiated adipocytes were incubated with L-[U-14C]-
lactate (1 μCi/ml) and nonlabeled (cold) lactate (1 mM) for 3 h.
Following incubation, 14C lactate in the sample and 14C CO2

released in the medium were measured as previously described
(53). Briefly, assayed medium was transferred into a custom-
made Teflon 48-well trapping plate. The plate was clamped
and sealed, and perchloric acid was injected through perfora-
tions in the lid into the medium, which drives CO2 through a
tunnel to an adjacent well, where it was trapped in 1 N NaOH.
Following trapping, aliquots of NaOH were transferred in
scintillation vials, and radioactivity was measured with a
multipurpose scintillation counter (LS 6500; Beckman
Coulter). Data are normalized to cell protein content.

13C stable isotope tracing experiments

For 13C lactate tracing experiments, primary adipocytes
differentiated for 5 days in 56.7 cm2 cell culture dishes were
cultivated in defined medium (αMEM Gibco ME16265L1)
containing 5% dialyzed serum and 0.5 mM glutamate,
2 mM glutamine, 1 mM pyruvate, and 5.5 mM glucose,
supplemented with all the molecules of the complete medium
described previously. After 6 h of culture, 2 mM U-13C lactate
was added, and 300 μl of culture medium was collected for
NMR analysis after 1, 2, 4, and 8 h.

For 13C glucose tracing experiments, cells were incubated
with the same medium, but unlabeled glucose was replaced by
U-13C glucose (5.5 mM). Culture medium was collected for
NMR analysis after 24 h.

NMR spectroscopy experiments

The labeling patterns of medium metabolites in 13C-labeling
experiments were measured by 1D 1H- and 2D heteronuclear
J-resolved spectroscopy NMR spectroscopy (54). All NMR
spectra were recorded on a Bruker Avance III 800 MHz
spectrometer (Bruker Biospin, Rheinstetten, Germany)
equipped with a quadruple resonance inverse cryoprobe 5 mm
cryogenic probe head. Spectra were acquired and processed
using the Bruker Topspin 4.0 software (Bruker Biospin,
Rheinstetten, Germany). Analyses were performed at 280 K.
Acquisition conditions for 1D 1H-NMR spectra were as fol-
lows: 30� flip angle, 5000 Hz spectral width, 32 K memory size,
and 30 s total recycle time. The 2D zero quantum filtered-
H-JRES spectra were recorded with quadrature phase detec-
tion in both dimensions, using time-proportional phase
incrementation in the indirect dimension, 128 increments in
the F1 dimension, and 8 transients per increment, and were
accumulated with the same sweep width and acquisition times
as in 1D experiments. The specific enrichment in 13C of me-
tabolites was measured from the JCH coupling signals in the
1H-NMR spectra (54). Because of partial overlap with other
signals, the quantification of unlabeled and labeled lactate was
performed by deconvolution of the 1H signals corresponding
to 13C-uncoupled and 13C-coupled H3 protons, respectively.

RNA extraction and real-time PCR

Total RNA from cells was isolated and extracted using the
ZYMO RNA kit (Zymo). For mouse tissues, total RNA was
isolated by Qiazol extraction, and purification was done using
RNeasy minicolumns (Qiagen). For quantitative real-time PCR
analysis, 300 to 1000 ng total RNA was reverse transcribed
using the High Capacity cDNA Reverse Transcription kit (Life
Technologies/Applied Biosystem), SYBR Green PCR Master
Mix (Life Technologies/Applied Biosystem), and 300 nmol/L
primers on an Applied Biosystem StepOne instrument.
Primers are listed in Table 1. Relative gene expression was
determined using the 2−ΔCT or 2−ΔΔCT method as described in
the legends to the figures and normalized to 36B4.

Lactate and glucose measurements

Extracellular lactate levels were measured using the Lactate
Pro II test meter (Arkray). Glucose concentrations in adipocyte
supernatants were measured using Contour XT TS (Bayer).

LCM

Inguinal fat pad harvested from fed mice was fixed in
methanol (−20 �C, overnight) and placed in a plastic cryomold
J. Biol. Chem. (2021) 296 100137 11



Table 1
Primer sequences

Gene Primer reverse Primer forward

36B4 AGTCGGAGGAATCAGATGAGGAT GGCTGACTTGGTTGCTTTGG
Ucp1 GACCGACGGCCTTTTTCAA AAAGCACACAAACATGATGACGTT
Cox8b GAACCATGAAGCCAACGACT GCGAAGTTCACAGTGGTTCC
Cidea CTAGCACCAAAGGCTGGTTC CACGCAGTTCCCACACACTC
Mct1 TGTGGGCTTGGTGACCAT AAGAGATAGATACCCGCGATGATG
Mct2 CACCACCTCCAGTCAGATCG CTCCCACTATCACCACAGGC
Mct3 CGCTTCCCTAGTGCATTGG TTCTTCAGAGCATCCACCAG
Mct4 AGTGCCATTGGTCTCGTG CATACTTGTTAAACTTTGGTTGCATC
Ob ACCACCATTGTCACCAGGATCAA ACCCTCTGCTTGGCGGATA
Acc GACTTGCAGAAGAAATACGCCATA CTTGTATCCCTTGTAGGGATCTTC
Cd36 GATGTGGAACCCATAACTGGATTCAC GGTCCCAGTCTCATTTAGCCACAGTA
Ap2 GATGCCTTTGTGGGAACCTG GCCATGCCTGCCACTTTC
Pparg2 AGTGTGAATTACAGCAAATCTCTGTTTT GCACCATGCTCTGGGTCAA
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filled with tissue freezing compound (Tissue-Tek OCT),
frozen in isopentane, and stored at −80 �C before being sliced
into 50 μm sections using a cryostat (MICROM HM 560V).
Sections were placed on membrane-coated slides, immersed in
chilled 70% ethanol for 30 s, and then rinsed in water for 15 s.
Slides were then immediately immersed in graded series of
ethanol (70, 95, and 100%, for 30 s). Tissue sections were
cleared in xylene for 2 min and air dried for 5 min. All steps
were performed in RNAse-free conditions. LCM was carried
out under 10× magnification microscope using the
ARCTURUS XT apparatus (ArcturusXTTM microscope sys-
tem). Dissected cells were collected in the collecting tube cap
filled with 50 μl of lysis buffer (Arcturus PicoPure RNA
isolation Kit). Total RNA was extracted according to the
manufacturer’s instructions. About 30 ng of total RNA was
reverse transcribed using the Superscript Vilo cDNA synthesis
kit (Life Technologies). A multiplex PCR preamplification (12
cycles) of the specific cDNA targets was performed using GE
Preamp master mix (Fluidigm). About 2 μl of the diluted 1/50e

preamp reaction was used for quantitative real-time PCR as
described.

Immunofluorescence and quantification

Inguinal, interscapular BAT, and perigonadal white adipose
tissues were fixed in 4% paraformaldehyde overnight before
being cut into 300 μm sections using a vibratome (Campden).
Sections were incubated in blocking solution (2% normal horse
serum and 0.2% triton X-100 in PBS) at room temperature 6 h
before being incubated for 24 h at room temperature with
primary antibodies (sheep anti-UCP1 1:1000 generous gift
from Pr. Daniel Ricquier, rabbit anti-MCT1 1:200 EMD Mil-
lipore AB3538P, chicken anti-MCT1 1:500 EMD Millipore
AB1286I, and rabbit TOM20 1:400, Santa Cruz, sc-11415).
After overnight incubation at 4 �C with Alexa488- or
Alexa555-conjugated secondary antibodies (Life Technologies)
and 30 min with 4’,6-diamidino-2-phenylindole (1:10,000),
imaging was performed using a confocal laser scanning mi-
croscope (LSM880; Carl Zeiss) and image analysis using Fiji
software (National Institutes of Health). For quantification of
UCP1 and MCT1 signals, manually drawn regions of interest
were performed around cells using autofluorescence and
MCT1 plasma membrane signals and were reported on UCP1
staining images after splitting MCT1 and UCP1 channels of
12 J. Biol. Chem. (2021) 296 100137
coimmunostained adipose tissue sections. For each signal and
each region of interest, mean gray values, area, and coordinates
of ROIs were measured. The threshold of mean gray value for
positive cells was manually fixed. Four cell populations were
thus quantified (MCT1+ UCP1−, MCT1+ UCP1+, MCT1−

UCP1−, and MCT1− UCP1+).
Statistical analysis

Data are expressed as mean ± SD. Graphic representation of
data as well as all statistical tests were performed with
GraphPad Prism. Comparisons among different groups were
analyzed with nonparametric Mann–Whitney test. Statistics
on simple linear regressions were performed with Pearson’s
test. The number of independent experiments and n values are
specified in the legends to the figures. Differences were
considered statistically significant at p ≤ 0.05.
Data availability

All data for this publication are included in this published
article.

Acknowledgments—The authors thank US006/Centre Régional
d'Exploration Fonctionnelle et de Ressources Expérimentales
INSERM/Université Paul Sabatier (Toulouse, France), Dr D’Angelo
and Dr Zanoun for assistance and advice with imaging (Cellular
Imaging Facility Rangueil—I2MC/TRI Platform), and the zootech-
nical core facility (Anexplo-Genotoul platform) for their technical
assistance. We especially thank S. Bonnel, M. André, P. Achard, and
C. De Vecchi (STROMALab) for help in experiment managing; Y.
Martinez for help with laser microdissection experiments and the
FRAIB laboratory (CNRS-FR3450; Castanet-Tolosan, France); Prof
Belenguer for sharing TOM20-antibody; Dr Pradère for mice
experiments; and Dr Monsarrat, Dr Dani, and Dr Mourier for
helpful discussions. We thank Dr Kazak for critical reading of the
article. J. C. P. is grateful to INSERM for funding a temporary
full-time researcher position.

Author contribution—D. L., Y. J., I. A., J.-C. P., L. C., and A. C.
dsigned the study; D. L., Y. J., C. B., C. M., L. Pey., E. Ca., C. G., E. A.
and A. C. conducted experiments; D. L., Y. J., C. B., C. M., A. G.,
A.-K. B. S., L. Pel., E. Ch, L. Pén., I. A., J.-C. P., L. C., and A. C.
analyzed and interpreted data; D. L., and A. C. wrote and edited the
manuscript. All authors reviewed the final draft of the manuscript.



Lactate fluxes in beige adipocytes
Funding and additional information—This work was supported by
the European Union FP7 project DIABAT (HEALTH-F2-2011-
278373), La Société Française de Nutrition, l’Agence Nationale pour
la Recherche (Projet-ANR-18-CE18-0006), and The Inspire Pro-
gram (supported by grants from the Region Occitanie/Pyrénées-
Méditerranée (reference number: 1901175), the European Regional
Development Fund (project number: MP0022856). E. Ch. was
supported by National Institutes of Health DK123095 and Claudia
Adams Barr Program. A.- K. B. S. and L. Pel. were supported by the
LabEx TRAIL (ANR-10-LABX-57). MetaboHub-MetaToul
(Metabolomics & Fluxomics facilities, Toulouse, France; http://
www.metatoul.fr) is supported by the ANR grant MetaboHUB-
ANR-11-INBS-0010.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: ANR, Agence Nationale
pour la Recherche; AZD, AZD3965; BAT, brown adipose tissue; CL,
CL316.243; LCM, laser capture microdissection; MCTs, mono-
carboxylate transporters; UCP1, uncoupling protein 1.

References

1. Betz, M. J., and Enerback, S. (2018) Targeting thermogenesis in brown fat
and muscle to treat obesity and metabolic disease. Nat. Rev. Endocrinol.
14, 77–87

2. Sidossis, L., and Kajimura, S. (2015) Brown and beige fat in humans:
thermogenic adipocytes that control energy and glucose homeostasis. J.
Clin. Invest. 125, 478–486

3. Cousin, B., Cinti, S., Morroni, M., Raimbault, S., Ricquier, D., Penicaud,
L., and Casteilla, L. (1992) Occurrence of brown adipocytes in rat white
adipose tissue: molecular and morphological characterization. J. Cell Sci.
103, 931–942

4. Loncar, D. (1991) Convertible adipose tissue in mice. Cell Tissue Res. 266,
149–161

5. Young, P., Arch, J. R., and Ashwell, M. (1984) Brown adipose tissue in the
parametrial fat pad of the mouse. FEBS Lett. 167, 10–14

6. Giordano, A., Frontini, A., and Cinti, S. (2016) Convertible visceral fat as a
therapeutic target to curb obesity. Nat. Rev. Drug Discov. 15, 405–424

7. Barreau, C., Labit, E., Guissard, C., Rouquette, J., Boizeau, M. L., Gani
Koumassi, S., Carriere, A., Jeanson, Y., Berger-Muller, S., Dromard, C.,
Plouraboue, F., Casteilla, L., and Lorsignol, A. (2016) Regionalization of
browning revealed by whole subcutaneous adipose tissue imaging. Obesity
(Silver Spring) 24, 1081–1089

8. Dichamp, J., Barreau, C., Guissard, C., Carriere, A., Martinez, Y.,
Descombes, X., Penicaud, L., Rouquette, J., Casteilla, L., Plouraboue, F.,
and Lorsignol, A. (2019) 3D analysis of the whole subcutaneous adipose
tissue reveals a complex spatial network of interconnected lobules with
heterogeneous browning ability. Sci. Rep. 9, 6684

9. Barbatelli, G., Murano, I., Madsen, L., Hao, Q., Jimenez, M., Kristiansen,
K., Giacobino, J. P., De Matteis, R., and Cinti, S. (2010) The emergence of
cold-induced brown adipocytes in mouse white fat depots is determined
predominantly by white to brown adipocyte transdifferentiation. Am. J.
Physiol. Endocrinol. Metab. 298, E1244–E1253

10. Lee, Y. H., Petkova, A. P., Mottillo, E. P., and Granneman, J. G. (2012)
In vivo identification of bipotential adipocyte progenitors recruited by
beta3-adrenoceptor activation and high-fat feeding. Cell Metab. 15, 480–
491

11. Rosenwald, M., Perdikari, A., Rulicke, T., and Wolfrum, C. (2013) Bi-
directional interconversion of brite and white adipocytes. Nat. Cell Biol.
15, 659–667

12. Wang, Q. A., Tao, C., Gupta, R. K., and Scherer, P. E. (2013) Tracking
adipogenesis during white adipose tissue development, expansion and
regeneration. Nat. Med. 19, 1338–1344
13. Kir, S., White, J. P., Kleiner, S., Kazak, L., Cohen, P., Baracos, V. E., and
Spiegelman, B. M. (2014) Tumour-derived PTH-related protein triggers
adipose tissue browning and cancer cachexia. Nature 513, 100–104

14. Petruzzelli, M., Schweiger, M., Schreiber, R., Campos-Olivas, R., Tsoli,
M., Allen, J., Swarbrick, M., Rose-John, S., Rincon, M., Robertson, G.,
Zechner, R., and Wagner, E. F. (2014) A switch from white to brown fat
increases energy expenditure in cancer-associated cachexia. Cell Metab.
20, 433–447

15. Li, G., Xie, C., Lu, S., Nichols, R. G., Tian, Y., Li, L., Patel, D., Ma, Y.,
Brocker, C. N., Yan, T., Krausz, K. W., Xiang, R., Gavrilova, O., Patterson,
A. D., and Gonzalez, F. J. (2017) Intermittent fasting promotes white
adipose browning and decreases obesity by shaping the gut microbiota.
Cell Metab. 26, 672–685.e4

16. Bostrom, P., Wu, J., Jedrychowski, M. P., Korde, A., Ye, L., Lo, J. C.,
Rasbach, K. A., Bostrom, E. A., Choi, J. H., Long, J. Z., Kajimura, S.,
Zingaretti, M. C., Vind, B. F., Tu, H., Cinti, S., et al. (2012) A PGC1-
alpha-dependent myokine that drives brown-fat-like development of
white fat and thermogenesis. Nature 481, 463–468

17. Jeanson, Y., Carriere, A., and Casteilla, L. (2015) A new role for browning
as a redox and stress adaptive mechanism? Front. Endocrinol. 6, 158

18. Brooks, G. A. (2018) The science and translation of lactate shuttle theory.
Cell Metab. 27, 757–785

19. Ferguson, B. S., Rogatzki, M. J., Goodwin, M. L., Kane, D. A., Rightmire,
Z., and Gladden, L. B. (2018) Lactate metabolism: historical context, prior
misinterpretations, and current understanding. Eur. J. Appl. Physiol 118,
691–728

20. Carriere, A., Jeanson, Y., Berger-Muller, S., Andre, M., Chenouard, V.,
Arnaud, E., Barreau, C., Walther, R., Galinier, A., Wdziekonski, B., Vil-
lageois, P., Louche, K., Collas, P., Moro, C., Dani, C., et al. (2014)
Browning of white adipose cells by intermediate metabolites: an adaptive
mechanism to alleviate redox pressure. Diabetes 63, 3253–3265

21. Bai, Y., Shang, Q., Zhao, H., Pan, Z., Guo, C., Zhang, L., and Wang, Q.
(2016) Pdcd4 restrains the self-renewal and white-to-beige trans-
differentiation of adipose-derived stem cells. Cell Death Dis 7, e2169

22. Kim, N., Nam, M., Kang, M. S., Lee, J. O., Lee, Y. W., Hwang, G. S., and
Kim, H. S. (2017) Piperine regulates UCP1 through the AMPK pathway
by generating intracellular lactate production in muscle cells. Sci. Rep. 7,
41066

23. Carriere, A., Lagarde, D., Jeanson, Y., Portais, J. C., Galinier, A., Ader, I.,
and Casteilla, L. (2020) The emerging roles of lactate as a redox sub-
strate and signaling molecule in adipose tissues. J. Physiol. Biochem. 76,
241–250

24. Chouchani, E. T., Kazak, L., Jedrychowski, M. P., Lu, G. Z., Erickson, B.
K., Szpyt, J., Pierce, K. A., Laznik-Bogoslavski, D., Vetrivelan, R., Clish, C.
B., Robinson, A. J., Gygi, S. P., and Spiegelman, B. M. (2016) Mito-
chondrial ROS regulate thermogenic energy expenditure and sulfenyla-
tion of UCP1. Nature 532, 112–116

25. Jeanson, Y., Ribas, F., Galinier, A., Arnaud, E., Ducos, M., Andre, M.,
Chenouard, V., Villarroya, F., Casteilla, L., and Carriere, A. (2016) Lactate
induces FGF21 expression in adipocytes through a p38-MAPK pathway.
Biochem. J. 473, 685–692

26. Felmlee, M. A., Jones, R. S., Rodriguez-Cruz, V., Follman, K. E., and
Morris, M. E. (2020) Monocarboxylate transporters (SLC16): function,
regulation, and role in health and disease. Pharmacol. Rev. 72,
466–485

27. Perez-Escuredo, J., Van Hee, V. F., Sboarina, M., Falces, J., Payen, V. L.,
Pellerin, L., and Sonveaux, P. (2016) Monocarboxylate transporters in the
brain and in cancer. Biochim. Biophys. Acta 1863, 2481–2497

28. Bonen, A. (2001) The expression of lactate transporters (MCT1 and
MCT4) in heart and muscle. Eur. J. Appl. Physiol. 86, 6–11

29. De Matteis, R., Lucertini, F., Guescini, M., Polidori, E., Zeppa, S., Stocchi,
V., Cinti, S., and Cuppini, R. (2013) Exercise as a new physiological
stimulus for brown adipose tissue activity. Nutr. Metab. Cardiovasc. Dis.
23, 582–590

30. Fukano, K., Okamatsu-Ogura, Y., Tsubota, A., Nio-Kobayashi, J., and
Kimura, K. (2016) Cold exposure induces proliferation of mature brown
adipocyte in a ss3-adrenergic receptor-mediated pathway. PLoS One 11,
e0166579
J. Biol. Chem. (2021) 296 100137 13

http://www.metatoul.fr
http://www.metatoul.fr
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref1
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref1
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref1
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref2
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref2
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref2
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref3
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref3
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref3
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref3
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref4
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref4
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref5
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref5
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref6
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref6
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref7
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref7
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref7
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref7
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref7
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref8
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref8
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref8
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref8
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref8
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref9
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref9
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref9
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref9
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref9
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref10
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref10
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref10
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref10
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref11
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref11
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref11
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref12
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref12
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref12
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref13
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref13
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref13
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref14
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref14
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref14
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref14
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref14
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref15
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref15
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref15
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref15
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref15
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref16
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref16
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref16
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref16
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref16
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref17
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref17
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref18
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref18
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref19
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref19
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref19
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref19
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref20
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref20
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref20
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref20
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref20
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref21
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref21
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref21
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref22
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref22
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref22
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref22
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref23
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref23
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref23
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref23
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref24
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref24
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref24
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref24
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref24
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref25
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref25
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref25
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref25
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref26
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref26
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref26
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref26
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref27
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref27
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref27
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref28
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref28
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref29
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref29
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref29
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref29
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref30
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref30
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref30
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref30


Lactate fluxes in beige adipocytes
31. Iwanaga, T., Kuchiiwa, T., and Saito, M. (2009) Histochemical demon-
stration of monocarboxylate transporters in mouse brown adipose tissue.
Biomed. Res. 30, 217–225

32. Okamatsu-Ogura, Y., Nio-Kobayashi, J., Nagaya, K., Tsubota, A., and
Kimura, K. (2018) Brown adipocytes postnatally arise through both dif-
ferentiation from progenitors and conversion from white adipocytes in
Syrian hamster. J. Appl. Physiol 124, 99–108

33. Cinti, S., Frederich, R. C., Zingaretti, M. C., De Matteis, R., Flier, J. S., and
Lowell, B. B. (1997) Immunohistochemical localization of leptin and
uncoupling protein in white and brown adipose tissue. Endocrinology 138,
797–804

34. Bola, B. M., Chadwick, A. L., Michopoulos, F., Blount, K. G., Telfer, B. A.,
Williams, K. J., Smith, P. D., Critchlow, S. E., and Stratford, I. J. (2014)
Inhibition of monocarboxylate transporter-1 (MCT1) by AZD3965 en-
hances radiosensitivity by reducing lactate transport. Mol. Cancer Ther.
13, 2805–2816

35. Curtis, N. J., Mooney, L., Hopcroft, L., Michopoulos, F., Whalley, N.,
Zhong, H., Murray, C., Logie, A., Revill, M., Byth, K. F., Benjamin, A. D.,
Firth, M. A., Green, S., Smith, P. D., and Critchlow, S. E. (2017) Pre-
clinical pharmacology of AZD3965, a selective inhibitor of MCT1:
DLBCL, NHL and Burkitt’s lymphoma anti-tumor activity. Oncotarget 8,
69219–69236

36. Polanski, R., Hodgkinson, C. L., Fusi, A., Nonaka, D., Priest, L., Kelly, P.,
Trapani, F., Bishop, P. W., White, A., Critchlow, S. E., Smith, P. D.,
Blackhall, F., Dive, C., and Morrow, C. J. (2014) Activity of the mono-
carboxylate transporter 1 inhibitor AZD3965 in small cell lung cancer.
Clin. Cancer Res. 20, 926–937

37. Tasdogan, A., Faubert, B., Ramesh, V., Ubellacker, J. M., Shen, B., Sol-
monson, A., Murphy, M. M., Gu, Z., Gu, W., Martin, M., Kasitinon, S. Y.,
Vandergriff, T., Mathews, T. P., Zhao, Z., Schadendorf, D., et al. (2020)
Metabolic heterogeneity confers differences in melanoma metastatic
potential. Nature 577, 115–120

38. Petersen, C., Nielsen, M. D., Andersen, E. S., Basse, A. L., Isidor, M. S.,
Markussen, L. K., Viuff, B. M., Lambert, I. H., Hansen, J. B., and Pedersen,
S. F. (2017) MCT1 and MCT4 expression and lactate flux activity increase
during white and brown adipogenesis and impact adipocyte metabolism.
Sci. Rep. 7, 13101

39. Ma, S. W., and Foster, D. O. (1986) Uptake of glucose and release of fatty
acids and glycerol by rat brown adipose tissue in vivo. Can. J. Physiol.
Pharmacol 64, 609–614

40. Schweizer, S., Oeckl, J., Klingenspor, M., and Fromme, T. (2018)
Substrate fluxes in brown adipocytes upon adrenergic stimulation
and uncoupling protein 1 ablation. Life Sci. Alliance 1,
e201800136

41. Weir, G., Ramage, L. E., Akyol, M., Rhodes, J. K., Kyle, C. J., Fletcher, A.
M., Craven, T. H., Wakelin, S. J., Drake, A. J., Gregoriades, M. L., Ashton,
C., Weir, N., van Beek, E. J. R., Karpe, F., Walker, B. R., et al. (2018)
Substantial metabolic activity of human brown adipose tissue during
warm conditions and cold-induced lipolysis of local triglycerides. Cell
Metab. 27, 1348–1355.e1344
14 J. Biol. Chem. (2021) 296 100137
42. Hepler, C., Vishvanath, L., and Gupta, R. K. (2017) Sorting out adipocyte
precursors and their role in physiology and disease. Genes Dev. 31, 127–
140

43. Kajimura, S., Spiegelman, B. M., and Seale, P. (2015) Brown and beige fat:
physiological roles beyond heat generation. Cell Metab. 22, 546–559

44. Hankir, M. K., and Klingenspor, M. (2018) Brown adipocyte glucose
metabolism: a heated subject. EMBO Rep. 19, e46404

45. Held, N. M., Kuipers, E. N., van Weeghel, M., van Klinken, J. B., Denis, S.
W., Lombes, M., Wanders, R. J., Vaz, F. M., Rensen, P. C. N., Verhoeven,
A. J., Boon, M. R., and Houtkooper, R. H. (2018) Pyruvate dehydrogenase
complex plays a central role in brown adipocyte energy expenditure and
fuel utilization during short-term beta-adrenergic activation. Sci. Rep. 8,
9562

46. Jeong, J. H., Chang, J. S., and Jo, Y. H. (2018) Intracellular glycolysis in
brown adipose tissue is essential for optogenetically induced nonshivering
thermogenesis in mice. Sci. Rep. 8, 6672

47. Winther, S., Isidor, M. S., Basse, A. L., Skjoldborg, N., Cheung, A.,
Quistorff, B., and Hansen, J. B. (2018) Restricting glycolysis impairs
brown adipocyte glucose and oxygen consumption. Am. J. Physiol.
Endocrinol. Metab. 314, E214–E223

48. Baba, M., Inoue, M., Itoh, K., and Nishizawa, Y. (2008) Blocking CD147
induces cell death in cancer cells through impairment of glycolytic energy
metabolism. Biochem. Biophys. Res. Commun. 374, 111–116

49. Doherty, J. R., Yang, C., Scott, K. E., Cameron, M. D., Fallahi, M., Li, W.,
Hall, M. A., Amelio, A. L., Mishra, J. K., Li, F., Tortosa, M., Genau, H. M.,
Rounbehler, R. J., Lu, Y., Dang, C. V., et al. (2014) Blocking lactate export
by inhibiting the Myc target MCT1 disables glycolysis and glutathione
synthesis. Cancer Res. 74, 908–920

50. Le Floch, R., Chiche, J., Marchiq, I., Naiken, T., Ilc, K., Murray, C. M.,
Critchlow, S. E., Roux, D., Simon, M. P., and Pouyssegur, J. (2011) CD147
subunit of lactate/H+ symporters MCT1 and hypoxia-inducible MCT4 is
critical for energetics and growth of glycolytic tumors. Proc. Natl. Acad.
Sci. U. S. A. 108, 16663–16668

51. Nguyen, H. P., Yi, D., Lin, F., Viscarra, J. A., Tabuchi, C., Ngo, K., Shin, G.,
Lee, A. Y., Wang, Y., and Sul, H. S. (2020) Aifm2, a NADH oxidase,
supports robust glycolysis and is required for cold- and diet-induced
thermogenesis. Mol. Cell 77, 600–617.e604

52. Hui, S., Ghergurovich, J. M., Morscher, R. J., Jang, C., Teng, X., Lu, W.,
Esparza, L. A., Reya, T., Le, Z., Yanxiang Guo, J., White, E., and Rabi-
nowitz, J. D. (2017) Glucose feeds the TCA cycle via circulating lactate.
Nature 551, 115–118

53. Laurens, C., Badin, P. M., Louche, K., Mairal, A., Tavernier, G., Marette,
A., Tremblay, A., Weisnagel, S. J., Joanisse, D. R., Langin, D., Bourlier, V.,
and Moro, C. (2016) G0/G1 switch gene 2 controls adipose triglyceride
lipase activity and lipid metabolism in skeletal muscle. Mol. Metab. 5,
527–537

54. Cahoreau, E., Peyriga, L., Hubert, J., Bringaud, F., Massou, S., and Portais,
J. C. (2012) Isotopic profiling of (1)(3)C-labeled biological samples by
two-dimensional heteronuclear J-resolved nuclear magnetic resonance
spectroscopy. Anal. Biochem. 427, 158–163

http://refhub.elsevier.com/S0021-9258(20)00129-5/sref31
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref31
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref31
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref32
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref32
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref32
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref32
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref33
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref33
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref33
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref33
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref34
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref34
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref34
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref34
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref34
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref35
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref35
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref35
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref35
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref35
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref35
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref36
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref36
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref36
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref36
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref36
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref37
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref37
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref37
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref37
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref37
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref38
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref38
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref38
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref38
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref38
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref39
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref39
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref39
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref40
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref40
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref40
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref40
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref41
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref41
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref41
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref41
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref41
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref41
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref42
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref42
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref42
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref43
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref43
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref44
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref44
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref45
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref45
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref45
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref45
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref45
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref45
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref46
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref46
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref46
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref47
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref47
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref47
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref47
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref48
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref48
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref48
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref49
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref49
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref49
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref49
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref49
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref50
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref50
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref50
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref50
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref50
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref51
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref51
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref51
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref51
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref52
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref52
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref52
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref52
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref53
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref53
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref53
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref53
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref53
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref54
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref54
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref54
http://refhub.elsevier.com/S0021-9258(20)00129-5/sref54

	Lactate fluxes mediated by the monocarboxylate transporter-1 are key determinants of the metabolic activity of beige adipocytes
	Results
	Dissecting white adipose tissue heterogeneity reveals a tight correlation between Mct1 and thermogenic gene expression
	MCT1 is expressed by cold-inducible beige adipocytes
	MCT1 is a transcriptional target of the β3-adrenergic pathway and not required for its signaling effect on Ucp1 expression
	MCT1-dependent lactate fluxes are required for β3-adrenergic activation of glycolysis in beige adipocytes
	Concomitantly to lactate export, lactate import through MCT1 feeds the oxidative metabolism of beige adipocytes

	Discussion
	MCT1 as a marker of inducible beige adipocytes
	Lactate transport finely tunes the metabolic activity of beige adipocytes

	Experimental procedures
	Animal experiments
	Primary culture of adipose-derived stem/stromal cells and adipocyte differentiation
	14C lactate uptake and oxidation assay
	13C stable isotope tracing experiments
	NMR spectroscopy experiments
	RNA extraction and real-time PCR
	Lactate and glucose measurements
	LCM
	Immunofluorescence and quantification
	Statistical analysis

	Data availability
	Author contribution
	Funding and additional information
	References


