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The presence of brown adipose tissue (BAT) in human
adults opens attractive perspectives to treat metabolic
disorders. Indeed, BAT dissipates energy as heat via
uncoupling protein (UCP)1. Brown adipocytes are lo-
cated in specific deposits or can emerge among white
fat through the so-called browning process. Although
numerous inducers have been shown to drive this
process, no study has investigated whether it could be
controlled by specific metabolites. Here, we show that
lactate, an important metabolic intermediate, induces
browning of murine white adipose cells with expression
of functional UCP1. Lactate-induced browning also
occurs in human cells and in vivo. Lactate controls
Ucp1 expression independently of hypoxia-inducible
factor-1« and PPARa pathways but requires active
PPARY signaling. We demonstrate that the lactate effect
on Ucp1 is mediated by intracellular redox modifica-
tions as a result of lactate transport through mono-
carboxylate transporters. Further, the ketone body
B-hydroxybutyrate, another metabolite that impacts
redox state, is also a strong browning inducer. Because
this redox-dependent increase in Ucp1 expression

promotes an oxidative phenotype with mitochondria,
browning appears as an adaptive mechanism to allevi-
ate redox pressure. Our findings open new perspectives
for the control of adipose tissue browning and its phys-
iological relevance.

Recent discoveries in adult humans have renewed the
vision of brown adipose tissue (BAT) as a therapeutic
target for treating metabolic disorders such as type 2
diabetes and obesity (1). Whereas white adipose tissue
(WAT) represents the main energy store, BAT dissipates
energy as heat by uncoupling the mitochondrial respira-
tory chain from ATP formation through expression of
uncoupling protein (UCP)1 (2). Thus, BAT plays a key
role in diet and nonshivering thermogenesis (3). While
it was assumed for many years that in humans, BAT
was only present in the neonate (with some exceptions
such as cold-exposed workers or patients suffering from
phaeochromocytoma [4]), recent imaging studies revealed
the presence of substantial deposits of UCP1-expressing
adipocytes in human healthy adults, whose activity is
negatively correlated with BMI (5).
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Certain WAT depots are readily able to convert to
a “brown-like” state with prolonged cold exposure or
treatment with (-adrenergic compounds (6,7). Several hor-
mones, enzymes, transcription factors, and microRNAs
have recently been shown to drive the emergence of in-
ducible brown adipocytes in WAT (8). As increase clearance
and use of nutrients by brown adipocytes reduce the excess
of triglycerides and glucose and confer beneficial metabolic
effects and/or protection from obesity in mice (9-11), in-
creasing the activity and/or emergence of UCP1-positive
cells holds promise for the treatment of metabolic diseases.

The influence of the metabolic environment on the
browning process is to date poorly understood. Both
white and brown adipose cells express metabolite recep-
tors and transporters, which may act as sensors of their
metabolic environment. Proton-linked monocarboxylate
transporters (MCTs) (12), which drive lactate, pyruvate,
and ketone body transport across plasma membranes, are
present on the surface of rodent (13-15) and human (16)
adipocytes. Notably, the MCT1 isoform, mainly involved
in lactate import into cells, strongly increases in BAT after
exercise (15). WAT adipocytes also express the G-protein-
coupled receptors (GPRs) GPR81 and GPR109A, which are
activated by lactate and the ketone body 3-hydroxybutyrate
(BHB), respectively (17).

Among intermediate metabolites, lactate mediates a large
intercellular and interorgan metabolic interplay (18). Lactate
uptake, which induces changes in cellular redox state, is
associated with neoglucogenesis or ATP production (19).
Whereas lactate has been considered for a long time as a
glycolytic waste product, it acts as a metabolic fuel support-
ing organ (Cori cycle) and cell interactions between astrocytes
and neurons (20), as well as between glycolytic and oxidative
cancer cells (21). Furthermore, its role as a signaling molecule
(termed “lactormone” [19]) has recently been shown (22-26).

Given recent evidence demonstrating that expression
of MCT in adipose tissues is controlled by physiological
stimuli of browning (15), we aimed to investigate whether
lactate could directly regulate browning remodeling of
white adipocytes. Here, we show that lactate strongly
increases thermogenic gene expression in mouse and hu-
man white adipose cells, this effect being dependent on
the presence of active peroxisome proliferator-activated
receptor (PPAR)vy signaling. Importantly, we demonstrate
that the lactate effect on Ucpl is mediated by intracellular
redox modifications as a result of lactate transport
through MCT. We also show that BHB, another metabolite
having the same consequence on cellular redox state, is also
a strong browning enhancer.

RESEARCH DESIGN AND METHODS

Animals

All studies were carried out using male C57BL/6J mice
obtained from the Harlan Laboratory. Ppara-null mice
were obtained from The Jackson Laboratory (Bar Harbor,
ME). Animals were housed in a controlled environment
(12-h light/dark cycles at 21°C) with unrestricted access
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to water and a standard chow diet (Usine d’Alimentation
Rationnelle, Villemoisson sur Orge, France) in a pathogen-
free animal facility (IFR150) and killed by cervical disloca-
tion. 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

White stromal vascular fractions from 6- to 8-week-old
mice were obtained as previously described (27). After
centrifugation, stromal vascular fraction cells resus-
pended in culture medium (¢MEM plus 0.25 units/mL
amphotericin, 100 units/mL penicillin, 100 mg/mL strep-
tomycin, biotin, ascorbic acid, panthotenic acid, and 10%
newborn calf serum) were plated and rinsed with PBS 3 h
after plating. Remaining adherent adipose-derived stem/
stromal cells were grown to confluence and exposed to the
adipogenic cocktail containing 5 pg/mL insulin, 2 ng/mL
T3, 33.3 nmol/L dexamethasone, 10 pwg/mL transferrine,
and 1 wmol/L rosiglitazone in complete medium. Adipo-
cytes differentiated for 7 days were treated with different
compounds at the time and concentrations as indicated in
the figure legends.

Maintenance and Differentiation of Human Adipocyte
Progenitors

Human adipocyte progenitors were derived from induced
pluripotent stem cells and cultivated as already described
[28,29,29(a)]. For adipocyte differentiation, cells were cul-
tured in proliferation medium, which was supplemented
with 0.5 mmol/L isobutylmethylxanthine, 0.25 pmol/L
dexamethasone, 0.2 nmol/L T3, 1 pg/mL insulin, and
1 wmol/L BRL49653 once cells reached confluence.

Western Blot Analysis

We extracted proteins and performed Western blotting as
previously described (30). Sources of antibodies are UCP1
(UCP11-A, diluted 1:2,000; Alpha Diagnostic), MCT4 (sc-
50329, diluted 1:500; Santa Cruz Biotechnology) or actin
(A5541, diluted 1:5,000; Sigma-Aldrich).

In Vivo Injection of Rosiglitazone and Lactate
Six-week-old mice were randomly divided into four groups
and injected daily (200 pL i.p.) with either 5% DMSO/
lutrol F127 2% (BASF France, Levallois-Perret, France)
and PBS 93% (v/v/v), rosiglitazone (250 wg/mice), L-sodium
lactate (375 wmol/mice), and a combination of both
molecules. After 11 days of injection and overnight fast-
ing, mice were killed by cervical dislocation and inguinal
and interscapular fat pads were harvested. Concerning
UCP1 immunohistochemistry, mice were anesthetized by
an injection of ketamine (100 mg/kg i.p.)-xylazine (10 mg/kg)
before receiving an intracardiac perfusion of 3.6% form-
aldehyde. Total inguinal depots were removed, postfixed
at 4°C overnight, and rinsed in PBS.

Immunohistochemistry
Sections of inguinal depots (200 pwm) or differentiat-
ed adipocytes cultivated in Lab-Teks were blocked and
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permeabilized for 30 min at room temperature in PBS-2%
horse serum-0.2% triton before incubation with sheep
anti-UCP1 primary antibody (generous gift from Daniel
Ricquier, Institut Cochin, Paris, France; Institut National
de la Santé et de la Recherche Médicale, Paris, France;
Centre National de la Recherche Scientifique, Paris,
France; and Université Paris Descartes, Paris, France) di-
luted at 1:5,000. After washing steps, samples were in-
cubated with Alexa Fluor 488 secondary antibody
(Invitrogen, Cergy Pontoise, France). Adipocytes were vi-
sualized by staining lipid droplets with 4,4-difluoro-4-
bora-3a,4a-diaza-s-indacene-3-dodecanoic acid (BODIPY)
558/568 C12 diluted at 1:2,000. Nuclei were stained
with DAPI diluted at 1:10,000. Fluorescence analysis
was performed using a multiphoton laser scanning micro-
scope (Zeiss LSM 510 NLO confocal microscope equipped
with a femtosecond Coherent pulsed laser).

Lactate and Glucose Measurements

Plasma and extracellular lactate levels were measured with
the Lactate Pro test meter (Arkray). Glucose concentrations
in cell supernatants were measured using Contour TS
(Bayer). Values were normalized by cellular protein content
of the feeder cell layer (differentiated adipocytes).

0, Consumption

The whole-cell layer of differentiated adipocytes was har-
vested and incubated in culture medium without serum and
supplemented with 4% free fatty acid BSA in a magnetically
stirred oxygen electrode chamber set to 37°C. Oxygen con-
sumption was measured polarographically using a Clark ox-
ygen electrode (Oxygraph-2k Oroboros). The chamber was
closed, and the cells were incubated to determine the basal
respiratory rate. Oligomycin (2 pg/mL) was then added to
measure the coupled respiration rate and antimycin (20
wmol/L) was added to measure mitochondrial-derived oxy-
gen consumption. Oxygen consumption rate was determined
from the slope of a plot of O, concentration versus time.

NADH-to-NAD* Ratio Assessment
NADH-to-NAD" ratio was assessed by the EnzyChrom
NAD*/NADH Assay kit (BioAssay Systems).

Glycerol Measurement

Samples of fresh supernatant of differentiated adipocytes
were harvested, and glycerol was measured using the
Triglycérides Enzymatiques PAP 150 (bioMérieux).

Nucleofection Procedure

At 80% confluence, murine adipose-derived stem/stro-
mal cells were dissociated in 0.25% trypsin EDTA and
numbered. For each nucleofection assay, 2 X 10° cells
were nucleofected (Amaxa Cell line Nucleofector Kit V;
Amaxa) with 1.6 pmol/L of scramble siRNA (AllStars
Negative Control siRNA; Qiagen), Mctl siRNA (Mm_
Slc16al_2; Qiagen), or Mct4 siRNA (Mm_Slc16a3_5;
Qiagen) with the Nucleofector II device (X005 protocol).
After 4 days of differentiation, cells were treated with
25 mmol/L lactate for 24 h.
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RNA Extraction and Real-Time PCR

Total RNA from culture cells was isolated using an Qiagen
RNeasy kit (Qiagen). For mouse tissues, total RNA was
isolated by Qiazol extraction and purification was done
using RNeasy minicolumns. For quantitative real-time
PCR analysis, 300-1,000 ng total RNA was reverse tran-
scribed using the High Capacity cDNA Reverse Transcrip-
tion kit (Life Technologies/Applied Biosystem), SYBR
Green PCR Master Mix (Life Technologies/Applied Biosys-
tem), and 300 nmol/L primers on an Applied Biosystem
StepOne instrument. Relative gene expression was calcu-
lated by the AACT method and normalized to 36B4 for
mouse and TBP for human analysis. Primers are listed in
Table 1.

Statistical Analyses

All results are expressed as mean = SEM from at least
three individual experiments. Unpaired t test was used to
calculate final P values.

RESULTS

Expression of MCTs in Brown Versus White Adipose
Depots

As expected, higher expression of Ucpl was detected in
BAT compared with white adipose depots (Fig. 14). We
compared the expression of Mctl and Mct4, the main
MCTs enabling lactate uptake and export, respectively
(21,22,31), in both brown and white adipose depots.
Higher amount of Mctl mRNA was found in BAT com-
pared with WAT depots (Fig. 1B). Conversely, Mct4 mRNA
levels were greater in WAT, especially in the low Ucpl-
expressing epididymal fat pad, compared with BAT (Fig.
1C). Furthermore, in mice exposed to 4°C for 1-7 days, we
observed, in addition to the increase in Ucpl expression in
both BAT and inguinal depots (Fig. 1D), an increase in the
expression of the lactate-importing isoform Mct1 (Fig. 1E)
without any change in Mct4 expression (Fig. 1F). In addi-
tion, we found that plasma lactate levels significantly
rose after 24 h and 72 h of cold exposure and returned
to basal levels after 7 days of cold exposure (Fig. 1G).
These data show that brown and white adipose depots
display different profiles for MCT expression and that in
vivo browning induced by cold acclimation is associated
with an increased lactate import system in adipose
depots together with transient modification of plasma
lactate levels.

Lactate Induces Thermogenic Gene Expression in

Both Murine and Human Adipose Cells

We then directly assessed the effects of lactate on
adipocyte biology. Acute 48-h treatment of differentiated
adipocytes isolated from inguinal fat pad with lactate
resulted in a robust increase of Ucpl mRNA levels to-
gether with an upregulation of the expression of addi-
tional key thermogenic genes such as Cidea, Fgf21, and
Hoxc9 without any significant effect on other genes in-
volved in brown fat cells function such as Ppargcla,
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Prdmi16, Thbxl, Zicl, and Lhx8 (Fig. 2A). This effect is
specific to Ucpl, as no change was observed for Ucp2
(Fig. 2A). Lactate treatment also increased the expression
of the mitochondrial marker Cox7al as well as the fatty
acid oxidation marker Cptlb (Fig. 2A4). While no effect
was observed for Fabp4 or Lpl adipogenic genes, lactate
significantly increased the expression of the nuclear re-
ceptor Pparg, a master regulator of both white and
brown adipogenesis (Fig. 2A). The increase of Ucpl
mRNA levels by lactate was associated with an increase
in UCP1 content as shown by Western blot (Fig. 2B) (in
a dose-dependent manner, with an effect starting at 10
mmol/L [data not shown]) and by immunofluorescence
(Fig. 2C), which showed that lactate increased both the
number of UCP1-positive cells and the intensity of UCP1
staining per cell. While no difference was observed con-
cerning basal respiratory rate (data not shown), we
found a higher uncoupled respiration in lactate-treated

Table 1—List and sequences of primers

Target name Forward primer
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cells (respiration insensitive to oligomycin; 78 = 9.1% in
lactate-treated cells compared with 27.2 £ 11% in con-
trol cells [P < 0.05]), demonstrating the functionality of
UCP1. Further highlighting the brown-like phenotype of
lactate-treated adipocytes, we found higher glucose con-
sumption rate in lactate-treated cells compared with
control cells (1.12 £ 0.04-fold increase compared with
control cells [P < 0.05]).

Lactate-increased Ucpl expression was already ob-
served after 24 h of treatment, in a dose-dependent man-
ner (Fig. 2D), with an effect starting at 5 mmol/L and
reaching its maximum at 25 mmol/L. This lactate-induced
Ucpl gene expression was not due to osmotic perturba-
tions, as mannitol did not upregulate Ucpl (data not
shown). Importantly, lactate-mediated increase in ther-
mogenic gene expression also occurred in human-induced
pluripotent stem-derived adipocytes (29) (Fig. 2E), dem-
onstrating lactate effect on human cells. Together, these

Reverse primer

m36b4 AGTCGGAGGAATCAGATGAGGAT GGCTGACTTGGTTGCTTTGG
mUcp1 GACCGACGGCCTTTTTCAA AAAGCACACAAACATGATGACGTT
mPparg AGTGTGAATTACAGCAAATCTCTGTTTT GCACCATGCTCTGGGTCAA
mPrdm16 GCACTTGCTTAAATACATATCACGTGTT CAGCTCGGAGGCCTTTTCT
mPpargcia TGATGACAGTGAAGATGAAAGTGATAAAC GGCGACACATCGAACAATGA
mCidea CTAGCACCAAAGGCTGGTTC CACGCAGTTCCCACACACTC
mFabp4 GATGCCTTTGTGGGAACCTG GCCATGCCTGCCACTTTC

mLpl GTGGCCGAGAGCGAGAAC CCACCTCCGTGTAAATCAAGAAG
mVegf GGCCTCCGAAACCATGAA GTGGAGGTACAGCAGTAAAGCCA
mCox4i2 GTTGACTGCTACGCCCAGCGC CCGGTACAAGGCCACCTTCTC
mGlut1 GGGCATGTGCTTCCAGTATGT ACGAGGAGCACCGTGAAGAT
mUcp2 CTCAGAAAGGTGCCTCCCGA ATCGCCTCCCCTGTTGATGTGGTCA
mFgf21 TACACAGATGACGACCAAGA GGCTTCAGACTGGTACACAT
mMct1 GAGGTTCTCCAGTGCTGTG TCCATACATGTCATTGAGGCG
mMct4 AGTGCCATTGGTCTCGTG CATACTTGTAAACTTTGGTTGCATC
mZic1 AACCTCAAGATCCACAAAAGGA CCTCGAACTCGCACTTGAA

mLhx8 GAGCTCGGACCAGCTTCA TTGTTGTCCTGAGCGAACTG
mHoxc9 GCAGCAAGCACAAAGAGGAGAAG GCGTCTGGTACTTGGTGTAGGG
mCox7al CAGCGTCATGGTCAGTCTGT AGAAAACCGTGTGGCAGAGA
mCox8b GAACCATGAAGCCAACGACT GCGAAGTTCACAGTGGTTCC
mElovi3 TCCGCGTTCTCATGTAGGTCT GGACCTGATGCAACCCTATGA
mTbx1 GAGGACTGGCCCCGGAA TTGTCTGAGCCATTGGGCTG
mPdk4 CACATGCTCTTCGAACTCTTCAAG TGATTGTAAGGTCTTCTTTTCCCAAG
mAcox CCTGAAGAAATCATGTGGTTTAAAAA CAGGAACATGCCCAAGTGAA
mCpti1b TGTCTACCTCCGAAGCAGGA TGAACGGCATTGCCTAGACG
mAdipoq TCCTGGAGAGAAGGGAGAGAAAG CCCTTCAGCTCCTGTCATTCC
hCIDEA AGTCCTGTTGACCCCGCTC GCTATTCCCGACCTCTTCGG
hPPARG AGCCTCATGAAGAGCCTTCCA TCCGGAAGAAACCCTTGCA
hUCP1 GTGTGCCCAACTGTGCAATG CCAGGATCCAAGTCGCAAGA
hTBP ACGCCAGCTTCGGAGAGTTC CAAACCGCTTGGGATTATATTCG
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Figure 1—Mct1 and Mct4 expression in brown and white adipose depots during cold-induced browning. A-C: Interscapular BAT and
inguinal (ING) and epididymal (EPI) white adipose depots were harvested from C57BL/6J mice. Total RNA was then isolated and assayed
for mRNA levels of Ucp1 (A) (n = 6), Mct1 (B) (n = 12), and Mct4 (n = 12) (C) by quantitative PCR (QPCR). D-F: BAT and ING white adipose
depots of C57BL/6J mice exposed to 4°C for 1 (n = 5) or 7 (n = 8) days or maintained at room temperature (RT) (23°C) (n = 8) were
harvested, and total RNA was isolated and assayed for mRNA levels of Ucp1 (D), Mct1 (E), and Mct4 (F) by QPCR. G: C57BL/6J mice (n =
12) were exposed to 4°C for 3, 7, 24, 72, and 168 h. Lactate plasma concentrations were determined at each time point. ##P < 0.01,
###P < 0.001 vs. BAT; $P < 0.05, $$P < 0.01 vs. inguinal white adipose depots; **P < 0.01, **P < 0.001 vs. RT.

data reveal that lactate is a strong inducer of brown ad-
ipose gene expression in white adipose cells, and this
effect is conserved between species.

Induction of Ucp1 by Lactate Is Distinct From Hypoxia-
Inducible Factor-1a and PPAR«a Transduction
Pathways but Requires an Active PPARYy Signaling
During our investigation of lactate-regulated gene expres-
sion in white adipose cells, we observed an increase in the
expression of Glutl, Vegf, and Cox4i2 (Fig. 3A). These

genes are all targets of the hypoxia-inducible transcription
factor hypoxia-inducible factor (HIF)-la (32,33), which
has been shown to be stabilized by lactate (22). Our ob-
servation that DMOG, a prolyl-4-hydroxylase inhibitor
that stabilizes HIF-1a (32), increased Glutl, Vegf, and
Cox4i2 expression as expected but not Ucpl expression
(and, rather, downregulated it [Fig. 3B]), together with
the fact that incubation of white adipocytes under 1%
O, for 24 h did not upregulate Ucpl expression (data
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Figure 2—Lactate induces thermogenic gene expression in murine and human adipose cells. A: Mouse primary differentiated white
adipocytes were treated with 50 mmol/L lactate for 48 h. Total RNA was then isolated and assayed for mRNA levels of Ucp1, Cidea,
Fgf21, Ppargci1a, Prdm16, Hoxc9, Tbx1, Zic1, Lhx8, Pparg, Fabp4, Lpl, Ucp2, Cox7a1, Cox8b, ElovI3, Cpt1b, Acox, and Pdk4 by quan-
titative PCR (QPCR). B: Western blot analysis of UCP1 expression in mouse primary differentiated white adipocytes treated with 50 mmol/L
lactate for 48 and 72 h; 3-ACTIN was used as loading control. C: Microscopy and multiphoton images of mouse primary differentiated white
adipocytes treated with 50 mmol/L lactate for 48 h and stained with an antibody recognizing UCP1 (green) are shown; nuclei are stained by
DAPI (blue). The arrows represent UCP1-positive adipocytes. D: Mouse primary differentiated white adipocytes were treated with in-
creasing concentrations of lactate for 24 h. Total RNA was then isolated and assayed for mRNA levels of Ucp? by QPCR. E: Human-
induced pluripotent stem-derived adipocyte cells were treated with 25 mmol/L lactate for 48 h. Total RNA was then isolated and assayed
for mRNA levels of UCP1, PPARG, and CIDEA by QPCR. *P < 0.05, **P < 0.01, **P < 0.001 vs. control cells (n = 3 for each panel).

not shown), enabled us to exclude any role for HIF-1a in
the control of Ucpl expression by lactate. As Ucpl expres-
sion is regulated by PPARa and PPARy signaling path-
ways, we tested their involvement in lactate effect. The
increase in Ucpl expression by lactate similarly occurred
in Ppara knockout versus wild-type adipocytes (Fig. 30),
ruling out a role of PPARa. In contrast, Ucpl expression

in white adipose cells required the presence of the PPARYy
ligand rosiglitazone (as already demonstrated [34]), in
both basal and lactate-treatment conditions (Fig. 3D)
and is decreased by the PPARy antagonist GW9662 (Fig.
3E). As the expression of Fabp4 and Adipog, two well-
described PPARYy targets, was not upregulated by lactate
treatment (Supplementary Fig. 1), we concluded that
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Figure 3—Induction of Ucp1 by lactate is distinct from HIF-1a and
primary differentiated white adipocytes were treated with 25 mmol/L

PPARa transduction pathways but requires an active PPARy. Mouse
lactate (A) and 1 mmol/L DMOG (B) (HIF-1« stabilizing agent) for 24 h.

Total RNA was then isolated and assayed for mRNA levels of Glut1, Vegf, Cox4i2, and Ucp1 by quantitative PCR (QPCR) (1 = 4). C: Mouse
primary differentiated white adipocytes isolated from wild-type (WT) or Ppara knockout (KO) mice were treated with 15 and 25 mmol/L
lactate for 24 h. Total RNA was then isolated and assayed for mRNA levels of Ucp7 by QPCR (n = 3). D: Mouse primary white preadipocytes
were differentiated in presence or not of rosiglitazone (rosi) for 6 days and then treated with or without 25 mmol/L lactate for 24 h. Total RNA
was then isolated and assayed for mRNA levels of Ucp7 by QPCR. Ucp1 expression in cells that did not receive any rosiglitazone treatment
was undetectable (n = 3). E: Mouse primary differentiated white adipocytes were preincubated for 45 min with increasing doses of the
PPARy antagonist GW9662 (1, 5, and 10 wmol/L) prior to lactate treatment (25 mmol/L for 24 h). Total RNA was then isolated and assayed
for mRNA levels of Ucp7 by QPCR (n = 3). *P < 0.05 and **P < 0.001 vs. control cells, #P < 0.05 vs. lactate-treated cells.

lactate requires a functional PPARYy signaling to regulate
Ucpl expression but does not activate PPARYy directly.

Lactate Induces Browning of WAT In Vivo

To determine whether lactate-induced browning also oc-
curs in vivo, we treated mice with daily intraperitoneal
injection of lactate for 11 consecutive days. As shown in
Fig. 4A and B, lactate treatment by itself did not change
Ucpl expression in inguinal or in interscapular brown
adipose tissue (iBAT) fat pads. We then injected lactate
in rosiglitazone-treated mice, as this antidiabetes com-
pound had previously been shown to favor the browning
process. As previously described (35), rosiglitazone-treated
mice displayed an increase in Ucpl expression in inguinal
(Fig. 4A), without any significant difference in Ucp1 expres-
sion in iBAT (Fig. 4B). Strikingly, lactate coinjection with
rosiglitazone further strongly enhanced both Ucpl and
Cidea expression compared with rosiglitazone-injected mice
(Fig. 4A) as well as mRNA levels of Hoxc9, Cox7al, Cptlb,

Acox, and Pdk4 (Supplementary Fig. 2). This browning
effect is specific to subcutaneous white adipose depot,
as it did not occur in iBAT (Fig. 4B). The strong browning
effect of lactate and rosiglitazone cotreatment on Ucpl
expression was associated with a high increase in UCP1
content (Fig. 4C). High magnification shows that UCP1-
positive cells are multilocular adipocytes, whereas uniloc-
ular adipocytes are UCP1 negative (Fig. 4D). Together,
these data demonstrate that lactate induces the emer-
gence of inducible brown adipocytes in white fat depots
of mice treated with a PPARYy agonist.

Lactate Transport Through MCTs Controls Ucp1
Expression

To gain new insight into the mechanisms underlying
lactate-induced Ucpl expression, we first investigated the
role of the lactate receptor GPR81. Increasing doses of the
GPR81 agonist 3,5-Dihydroxybenzoic acid did not affect
Ucpl expression (Supplementary Fig. 34), although this
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Figure 4—Lactate induces browning of WAT in vivo. A-D: C57BL/6J mice were daily and intraperitoneally injected with solvent (control
mice, n = 15), lactate (n = 14), rosiglitazone (rosi) (n = 11), and a combination of rosiglitazone plus lactate (n = 11) during 11 consecutive
days. Inguinal (A) and iBAT (B) fat pads were collected, and total RNA was isolated and assayed for mRNA levels of Ucp1 and Cidea by
quantitative PCR. *P < 0.05, **P < 0.01 vs. control mice, #P < 0.05 vs. rosiglitazone-injected mice. C: Multiphoton images of inguinal and
iBAT fat pads stained with an antibody recognizing UCP1 (green) and costained with the BODIPY lipid probe (yellow). D: High magnification
of inguinal section of control mice (white rectangular from C) stained with an antibody recognizing UCP1 (green) and costained with the
BODIPY lipid probe (yellow) is shown, and DAPI shows that UCP1-positive cells are multilocular adipocytes.

compound was effective in decreasing isoproterenol-
induced lipolysis (Supplementary Fig. 3B), as already de-
scribed (36). To address the putative involvement of MCT
in lactate-mediated increase in Ucpl expression, we used
two distinct MCT pharmacological inhibitors that have
been shown to reduce lactate influx in several cell types
(21,22,37). We found that both a-cyano-4-hydroxycinnamate
and phloretin totally abrogated lactate-induced Ucpl
expression (Fig. 5A). Interestingly, these inhibitors also
decreased Ucpl expression in basal conditions (without
extracellular lactate addition), suggesting that lactate en-
dogenously produced and consumed by cells controls Ucpl
expression. We then targeted Mctl and Mct4 expression
using an RNA interference approach. While downregulat-
ing Mctl expression induced no effect on Ucpl mRNA
levels (data not shown), Ucpl expression was very sensitive
to Mct4 knockdown (consequences of Mct4 knockdown are
shown at mRNA levels [Fig. 5B], protein levels [Fig. 5C],
and functional levels assessed by lactate measurement

in cell supernatants [Fig. 5D]). Indeed, reducing expres-
sion of the lactate-exporting MCT4 isoform strongly
enhances Ucpl expression in both control and lactate-
treated conditions (Fig. 5E), suggesting that intracellular
lactate levels dictate Ucpl expression in white adipocytes.
Altogether, these data show that lactate regulates Ucpl
expression in adipocytes via MCT-mediated transport
and in a GPR81-independent manner.

Redox Control of Ucp1 Expression

Among the diverse consequences of increasing intracellu-
lar lactate levels through MCT, redox state (i.e., NADH-to-
NAD" ratio) might be changed through lactate conversion
into pyruvate by the isoform B of the lactate dehydroge-
nase (Fig. 6A4). We then tested the effect of the ketone
body BHB, another monocarboxylate able to similarly af-
fect redox state (Fig. 6A), on Ucpl expression. Strikingly,
treatment of differentiated white adipocytes with BHB
strongly increased expression of both Ucepl and Cidea in


http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-1885/-/DC1

diabetes.diabetesjournals.org

>

Ucp1 fold change
(2-AACt)
»
1

# kkk  kkk

) o o
¢ o0 o

lactate

Cc

w

) «— MICT4 (~43 kDa)
— beta-ACTIN (~42 kDa)

extracellular lactate

(mM/mg proteins)

Carriére and Associates 3261

1.0 T
-]
=]
c
[}
S &
23 -
L 9 0.5+
P-4
[3]
=
0.0
N
& K
\‘J b(,
&L S
006‘ «
20- E i, - lactate
*
]
[=]
15 s
. S&
T3
R
10{e%e ™ T
[ ] [%]
aAp -
5_
.Q?v ‘\v‘
X £ -
0 > L
& S &
& &

Figure 5—Lactate-induced Ucp1 expression occurs through MCT transporters. A: Mouse primary differentiated white adipocytes were
treated with or without 25 mmol/L lactate for 24 h in the presence of the MCT inhibitors «-cyano-4-hydroxycinnamate (CHC) (2 mmol/L) or
phloretin (phlo) (50 wmol/L). Total RNA was then isolated and assayed for mRNA levels of Ucp1 by quantitative PCR (QPCR) (n = 3). B-E:
Mouse primary white preadipocytes were transfected by electroporation with scramble control or Mct4 siRNA. After 4 days of differenti-
ation, cells were treated with or without 25 mmol/L lactate for 24 h. Total RNA was then isolated and assayed for mRNA levels of Mct4 (B)
and Ucp1 (E) by QPCR (n = 5). Western blot analysis of MCT4 expression is shown in C, and extracellular lactate levels per milligram of
protein are shown in D (n = 5). *P < 0.05 and **P < 0.001 vs. control cells; **P < 0.01 vs. control siRNA conditions; #P < 0.05 compared

with lactate-treated cells.

a dose-dependent manner (Fig. 6B). In contrast, neither
acetoacetate nor pyruvate displayed similar effects (Fig.
6C and D). The similar effect of lactate and BHB and the
lack of effect of acetoacetate and pyruvate plus the in-
creased NADH-to-NAD" ratio in lactate- or BHB-treated
adipocytes (Fig. 6E) clearly suggested a role for cellular redox
state in the control of Ucpl expression. We then cotreated
cells with lactate and increasing concentrations of pyruvate
to modulate intracellular redox state according to the law of
mass action (Fig. 64). Clearly, addition of pyruvate signifi-
cantly decreased lactate-induced Ucpl expression (Fig. 6F),
as did the addition of acetoacetate in HB-treated cells (Fig.
6G). Furthermore, addition of the uncoupling agent CCCP
that decreases redox state by dissipating mitochondrial
membrane potential abrogated both lactate- and BHB-
induced Ucpl upregulation (Fig. 6H). Altogether, these
data demonstrate that cellular redox change induced by
lactate and BHB triggers their effect on Ucpl expression.

DISCUSSION

Although no metabolite has previously been shown to
regulate the browning process, we demonstrate here that
lactate drives the fate of white adipose murine and human

cells toward a brown and oxidative phenotype through
sharp and rapid changes in the expression of several
brown genes including Ucpl. We show that this lactate-
based browning remodeling is mediated by intracellular
redox modifications and that metabolites that similarly
impact redox state such as the ketone body BHB also
constitute strong browning inducers. We propose that
under these conditions, induction of UCP1 constitutes
an adaptive mechanism to alleviate redox pressure in
adipocytes (Fig. 7).

Whereas lactate has been considered for a long time as
a glycolytic waste product, its role as a true signaling
molecule (termed “lactormone” [19]) has recently been
emphasized. At physiological concentrations (from 10
mmol/L in plasma after acute exercise to 25 mmol/L
[38] or even 40 mmol/L in muscle or certain tumors
[39], respectively), lactate has been shown to specifically
control gene expression in several cell types (22-26). No-
tably, lactate controls expression of several proteins in-
volved in mitochondrial activity and biogenesis (24).
Here, we show that lactate is also a strong enhancer of
thermogenic gene expression. This effect starts at
5 mmol/L and is highly specific because it did not affect
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Figure 6—Redox control of Ucp1 expression. A: Lactate-pyruvate and BHB-acetoacetate interconversions are catalyzed by lactate de-
hydrogenase and BHB dehydrogenase enzymes, respectively. These reactions tightly control the redox state, i.e., NADH-to-NAD™ ratio. B:
Mouse primary differentiated white adipocytes were treated with 15, 25, and 50 mmol/L BHB for 24 h. Total RNA was then isolated and
assayed for mRNA levels of Ucp1 and Cidea by quantitative PCR (QPCR). Mouse primary differentiated white adipocytes were treated with
increasing concentrations of acetoacetate (C) or pyruvate (D) for 24 h. Total RNA was then isolated and assayed for mRNA levels of Ucp1
by QPCR. E: NADH-to-NAD" ratio was assayed after 2 h of treatment with 50 mmol/L lactate or BHB on mouse primary differentiated white
adipocytes. F: Mouse primary differentiated white adipocytes were treated with 25 mmol/L lactate for 24 h in the presence or not of 10, 15,
or 25 mmol/L pyruvate. Total RNA was then isolated and assayed for mRNA levels of Ucp7 by QPCR. G: Mouse primary differentiated white
adipocytes were treated with 50 mmol/L BHB for 24 h in the presence or not of 25 or 50 mmol/L acetoacetate. Total RNA was then isolated
and assayed for mRNA levels of Ucp1 by QPCR. H: Mouse primary differentiated white adipocytes were treated with 25 mmol/L lactate or
25 mmol/L BHB for 24 h in the presence or not of a mitochondrial uncoupler (CCCP) (5 wmol/L). Total RNA was then isolated and assayed
for mRNA levels of Ucp71 by QPCR. *P < 0.05 and ***P < 0.001 vs. control cells; #P < 0.05 and ##P < 0.01 vs. lactate-treated cells;
$P < 0.05 and $$P < 0.01 vs. BHB-treated cells (n = 3 for each panel).

Ucp2. Lactate can act through MCT transporters (12) and
membrane receptors (17). In particular, lactate mediates
the antilipolytic action of insulin through activation of
the Gj-coupled receptor GPR81 by inducing a decrease

in cAMP levels (40). We show here that although activa-
tion of GPR81 inhibits isoproterenol-induced lipolysis as
already described (36), it does not induce Ucpl expres-
sion. In any event, it is hardly conceivable that activation
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Figure 7—Model depicting the redox control of Ucp? expression. Induction of Ucp? by an increased redox state (NADH,H*-to-NAD™)
favors its dissipation through increased uncoupled respiration. We propose that browning of white adipose cells by intermediate metab-
olites constitutes an adaptative mechanism to alleviate redox pressure. LDH, lactate dehydrogenase.

of Gj-coupled GPR81, which decreases cAMP levels, con-
tributes to Ucpl expression given the cAMP-dependent
regulation of Ucpl expression under noradrenergic stim-
ulation. Conversely, we show by molecular and knock-
down approaches that lactate transport through MCT is
critical for the regulation of Ucpl expression. Whereas the
two pharmacological inhibitors used, described as inhib-
itors of lactate import into several cell types (21,22,37),
very efficiently reduce lactate-mediated Ucpl upregula-
tion, downregulating Mct1 displayed few effects on Ucpl
levels; this, however, may be due to insufficient knock-
down of the MCT1 protein and/or its high affinity for
lactate (Km ~3.5 mmol/L). In contrast, Ucpl expression
is very sensitive to Mct4 knockdown, as we found that
reducing expression of the lactate exporting MCT4 iso-
form (which has a low affinity for lactate [Km ~28
mmol/L]) strongly enhances Ucpl expression. The basal
expression of Ucpl (without lactate addition) is very sen-
sitive to both pharmacological inhibitors and Mct4 knock-
down, revealing an autocrine/paracrine mechanism by
which lactate produced and consumed by cells tightly
controls Ucpl expression. All these in vitro data are con-
sistent with our in vivo findings demonstrating that 1)
BAT displays higher Mct1-to-Mct4 ratio compared with
low Ucpl-expressing white adipose depots, 2) browning
induced by cold acclimation is associated with an in-
crease in the lactate-importing Mct1 isoform that paral-
lels Ucpl upregulation, and 3) plasma lactate levels
showed a transient increase under cold-induced brown-
ing conditions.

We found that lactate increases expression of several
HIF-1a target genes, these findings being in total agree-
ment with recent data demonstrating that lactate stabilizes
HIF-1a through its MCT-mediated intracellular transport

and direct inhibition of prolyl hydroxylase activity (22).
However, we show that HIF-1a signaling is not involved
in Ucpl expression. We also show that lactate regulates
Ucpl expression in a PPARa-independent manner but re-
quired an active PPARYy signaling pathway. In addition to
these in vitro findings, we also show that the combination
of lactate and the antidiabetes compound rosiglitazone
constitutes a strong inducer of brown-like adipogenesis
(and increased expression of some mitochondrial and
B-oxidation markers), in white adipose depot, demon-
strating that lactate controls the browning process in
vivo.

After its transport inside the cell, lactate is converted
into pyruvate by the lactate dehydrogenase following the
reaction: lactate + NAD" <=> pyruvate + NADH. Manip-
ulation of the lactate-to-pyruvate ratio directly changes
the cytoplasmic NADH-to-NAD" ratio by the law of
mass action. Spectacularly, the browning effect of lactate
can be blunted with pyruvate; this undoubtedly demon-
strates the key role of NADH-to-NAD" ratio on Ucpl
expression. Similar conclusions on the impact of NADH-to-
NAD" ratio can be drawn from the comparison between
the effects of acetoacetate and BHB. Furthermore, it is
remarkable that the uncoupling of mitochondria respira-
tion by a chemical uncoupler mimicking UCP1 activity and
thus consuming NADH alleviates the lactate-mediated in-
crease in Ucpl expression. One can postulate that cells
having high UCP1 activity and thus having a high capacity
to dissipate redox pressure will become less responsive to
lactate and BHB treatments than cells having low UCP1
expression and activity. Several protein sensors whose
activities are dependent on the NADH-to-NAD" ratio syn-
chronize cell signaling and transcriptional events with the
cellular metabolic state (41). Among them, some regulate
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the expression of white and brown fat-selective gene pro-
grams such as the transcriptional coregulator COOH-
terminal-binding protein-1 (CtBP-1) (42,43), as well as
the NAD"-dependent Sirtuin-1 enzyme (44). Among the
complex and redundant redox-sensitive signaling path-
ways, the identification of the lactate-redox-sensitive
target(s) requires further investigations.

Our findings suggest that the browning remodeling of
white adipose tissue, described in situations where such
intermediate metabolites are released, could be due, at
least partly, to their direct effects on adipose cells. Our in
vitro imaging suggests that lactate-induced browning
probably corresponds to both the emergence of new
UCP1 positive cells and activation of preexisting low-
UCP1-expressing cells. During exercise, beside the role of
irisin (45), any increase in lactate could contribute to the
browning remodeling. This is also in agreement with a re-
cent demonstration that a ketone ester—enriched diet
activates BAT and increases Ucpl expression in white ad-
ipose depot of C57BL/6J mice (46). It is also noteworthy
that BHB constitutes a major energy metabolite for the
newborn at a time where brown fat thermogenesis is
crucial (47). Our findings bring very new insights in the
browning field, as they demonstrate for the first time that
specific metabolites have a drastic and direct impact on
this phenomenon. Furthermore, because lactate or BHB
promotes an oxidative phenotype with uncoupled mito-
chondria and elevated oxidation rate that in turn will
decrease the redox pressure, browning remodeling of
white adipose tissue and redox-dependent increase in
Ucpl expression appears as an adaptive mechanism to
alleviate redox pressure. This corresponds to an unex-
pected and new function for the development of these
brown-like adipocytes and opens new perspectives for
the control of adipose tissue browning and its physiolog-
ical relevance.
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