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ORIGINAL ARTICLE
Thermogenic activation represses autophagy in brown

adipose tissue

M Caird’, J Villarroya'?, R Cereijo’, L Campderrés', M Giralt' and F Villarroya'

BACKGROUND: Brown adipose tissue (BAT) thermogenesis is an adaptive process, essential for energy expenditure and involved in
the control of obesity. Obesity is associated with abnormally increased autophagy in white adipose tissue. Autophagy has been
proposed as relevant for brown-vs-white adipocyte differentiation; however, its role in the response of BAT to thermogenic
activation is unknown.

METHODS: The effects of thermogenic activation on autophagy in BAT were analyzed in vivo by exposing mice to 24 h cold
condition. The effects of norepinephrine (NE), cAMP and modulators of lysosomal activity were determined in differentiated brown
adipocytes in the primary culture. Transcript expression was quantified by real-time PCR, and specific proteins were determined by
immunoblot. Transmission electron microscopy, as well as confocal microscopy analysis after incubation with specific antibodies or
reagents coupled to fluorescent emission, were performed in BAT and cultured brown adipocytes, respectively.

RESULTS: Autophagy is repressed in association with cold-induced thermogenic activation of BAT in mice. This effect was
mimicked by NE action in brown adipocytes, acting mainly through a cAMP-dependent protein kinase A pathway. Inhibition of
autophagy in brown adipocytes leads to an increase in UCP1 protein and uncoupled respiration, suggesting a repressing role for
autophagy in relation to the activity of BAT thermogenic machinery. Under basal conditions, brown adipocytes show signs of active
lipophagy, which is suppressed by a cAMP-mediated thermogenic stimulus.

CONCLUSIONS: Our results show a noradrenergic-mediated inverse relationship between autophagy and thermogenic activity in
BAT and point toward autophagy repression as a component of brown adipocyte adaptive mechanisms to activate thermogenesis.
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INTRODUCTION

Brown adipose tissue (BAT) is the main site of non-shivering
thermogenesis in mammals. BAT activity in rodent models not
only ensures appropriate adaptation to cold environment but also
protects against obesity by promoting energy expenditure.'?
Recent studies have indicated that adult humans possess active
BAT, contrary to the prevailing concept that the role of BAT
in humans is restricted to neonates, and further showed that
BAT activity is systematically reduced in obese patients.>™

Brown adipocytes possess large amounts of mitochondria with
a high oxidative capacity. Mitochondrial uncoupling protein-1
(UCP1), uniquely expressed in brown adipocytes, uncouples the
respiratory chain from oxidative phosphorylation, thus leading to
high oxidation rates and the use of metabolic energy to provide
heat. Lipid stores in brown adipocytes, used for fueling
mitochondrial oxidation, are stored as multilocular droplets that
are in close proximity to mitochondria. To sustain the metabolic
energy needs of heat production, brown adipocytes also possess
strong enzymatic machinery for glucose and lipid uptake and
oxidation.®

BAT is an extremely plastic tissue, in keeping with its need to
adapt to changing thermal and dietary conditions. When
thermogenesis is activated, existing brown adipocytes adapt by
enhancing the amount of intracellular protein devoted to
oxidative pathways, including UCP1 synthesis and mitochondrial
biogenesis. Overall, sympathetic activation and noradrenergic

stimuli appear to be the main mechanism involved in orchestrat-
ing BAT activation processes, although a growing number of
non-adrenergic neuro-endocrine factors’ and regulatory mole-
cules such as adenosine® have also been identified.

Autophagy is a process that contributes to the maintenance of
cellular homeostasis by removing damaged organelles and
recycling intracellular substrates.” Autophagy has an important
role in cellular adaptive changes to physiological and pathological
challenges, for example, providing substrates during nutrient
deprivation, and degrading intracellular ectopic lipid accumula-
tion; it also is involved in differentiation-associated remodeling
events.”'? Macroautophagy (referred to hereafter as autophagy)
involves the formation of double-membrane vesicles (autophago-
somes) that engulf a portion of the cytosol and deliver the
incorporated cargo to the lysosome for degradation.'?

There is a close relationship between autophagic activity
and energy metabolism."*'® Complex intracellular pathways
regulate autophagic activity by controlling different protein
interactions, similar to those involving autophagy-related (Atg)
protein conjugation cascades, as well as posttranslational protein
modifications involved in autophagosome formation and sub-
strate recognition. Recent data indicate that transcriptional
regulation of genes encoding autophagy components also has a
role in the regulation of autophagy by metabolic and endocrine
signals.”” On the other hand, multiple studies are coincident in
reporting that human obesity is associated with increased
autophagy in white adipose tissue.'*'8'?
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Some reports have indicated that autophagy may have a role in
regulating brown adipocyte differentiation. Impairment of autop-
hagy through suppression of Atg7 in aP2+ adipocytes has been
reported to cause acquisition of a BAT phenotype by white
adipose tissue (browning) as well as increase BAT mass.2%?'
In addition, a more recent study has shown that suppression
of Atg7 specifically in Myf5+ precursor cells disrupts brown
adipocyte differentiation and function,?? suggesting that autop-
hagy is necessary during brown adipocyte differentiation.
However, the role of autophagy in the adaptation of BAT to
thermogenic activation has not been determined. Here we
report that thermogenic activation leads to strong repression of
autophagic activity in BAT, via the noradrenergic, cAMP-mediated
pathway of BAT regulation.

MATERIALS AND METHODS

Animals

Adult (5-month-old) male C57BL/6J Ola Hsd and Swiss ICR (CD-1) mice
were obtained from Harlan Laboratories (Barcelona, Spain) and were
maintained under a 12 h dark/light cycle with ad libidum access to food
(2018 Teklad Global 18% Protein Rodent Diet; Harlan Laboratories) and
water. All experiments were performed in accordance with the European
Community Council directive 86/609/EEC, and experiments as well as the
number of animals to be used were approved by the Institutional Animal
Care and Use Committee of the University of Barcelona based on the
expected effects size. C57BL/6) mice were randomly divided into two
groups. One group (controls; n=8) was maintained at the standard animal
facility temperature (22 °C) and the other group was exposed to cold (24 h
at 4 °C; n=7).For fasting experiments, animals were randomly divided into
fasted (24 h, n=6) and fed ad libitum (n=6) groups, and then killed by
decapitation. Interscapular BAT pads were dissected, after which one piece
was frozen in liquid nitrogen for mRNA and total protein extraction and
another piece was fixed for electron microscopy (see below).

Cell culture and reagents

Primary cultures of brown adipocytes were obtained by first isolating
preadipocytes from interscapular, cervical and axillary BAT depots from
3-week-old Swiss ICR (CD-1) or C57BL/6J mice. Isolated precursor cells were
then plated and grown in Dulbecco’s modified Eagle’s medium/Ham's F12
Medium (1:1) supplemented with 10% fetal bovine serum, 1% Fungizone,
20 nm insulin, 2 nm T3 and 100 pm ascorbate. Experiments were performed
on day 10 of culture, at which point 90% of cells were considered to be
differentiated on the basis of lipid accumulation and brown adipocyte
morphology. Three independent cell culture experiments were analyzed
and assays were carried out in triplicate for every experimental condition
at every cell culture set. Where indicated, cells were treated with 0.5 um
norepinephrine (NE), 1 mm dibutyryl cAMP, 100 pm leupeptin (Roche
Diagnostics, Mannheim, Germany), 20 mm ammonium chloride, 10 mm
3-methyladenine, 10 um H89 and/or 10 um SB202190. Immortalized brown
adipocytes from C57BL/6J mice, a gift from J Klein (Medical University
of Liibeck, Libeck, Germany), were cultured as previously described.??
For immunofluorescence assays, cells were cultured on poly-L-lysine-
coated coverslip in 24-well plates at 3 x 10* cells per well. All reagents used
for cell culture and cell treatments were from Life Technologies (Eugene,
OR, USA) or Sigma-Aldrich (Saint Louis, MO, USA) unless otherwise stated.

Fluorescence microscopy

Adherent cells on coverslips were incubated when indicated with
MitoTraker Orange CM-H,TMRos (Invitrogen, Eugene, OR, USA) or BODIPY
558/568 C12 (Life Technologies) rinsed with phosphate-buffered saline
(PBS) and fixed with 4% paraformaldehyde in PBS. After fixation, cells were
permeabilized with Triton X-100 in PBS and blocked by incubating with
blocking buffer consisting of PBS containing 2% bovine serum albumin
and 0.3% Triton X-100. Cells were incubated overnight at 4 °C with an
anti-LC3B primary antibody (no. 2775S, Cell Signaling Technology, Danvers,
MA, USA) and then rinsed and incubated for 2 h at room temperature with
the Alexa-488-conjugated secondary antibody (A11070, Life Technologies).
Cells were co-stained with 4',6-diamidino-2-phenylindole (Life Technolo-
gies) and mounted with Mowiol (EMD Millipore Corp., Billerica, MA, USA).
Images were acquired on a Leica TCS SP2 confocal microscope (Leica
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Microsystems, Wetzlar, Germany) using a x63/1.32 oil-immersion objec-
tive. Confocal z-stacks (5-um-thick sections) were acquired at equivalent
exposure times, and images were analyzed using the ImageJ software (NIH,
Bethesda, MD, USA). Cellular fluorescence, expressed as the corrected
integrated density per cell, was quantified in maximum-intensity projec-
tions. Cells from three independent cell cultures were analyzed, and >25
cells from three replicates per condition were analyzed. Colocalized pixels
were detected and depicted in white using the ‘colocalization finder’
plugin in Imagel. Images were processed using Adobe Photoshop CS6
(Adobe Systems, San José, CA, USA) for brightness and contrast
adjustments; the same changes were applied to all compared images.

Electron microscopy

BAT samples were fixed in 2.5% glutaraldehyde and 2% paraformaldehyde
in 0.1 m phosphate buffer (pH 7.4) and postfixed in 1% osmium tetroxide
and 0.8% FeCNK in phosphate buffer. After dehydration in a graded
acetone series, tissue samples were embedded in Spurr resin. Ultrathin
sections were stained with uranyl acetate and lead citrate and examined
with a Jeol 1010 transmission electron microscope (Izasa Scientific,
Barcelona, Spain).

RNA isolation and real-time quantitative PCR

RNA from tissues and cells was extracted using a NucleoSpin RNA Kit
(Macherey-Nagel, Diren, Germany), and the levels of mRNA were
determined by quantitative reverse transcription-PCR, using the corre-
sponding TagMan probes (Applied Biosystems, Foster City, CA, USA)
(Supplementary Table S1). The mRNA level of each gene of interest
was normalized to that of a housekeeping reference gene (18S rRNA) using
the comparative (272" method.

Western blotting

Cell extracts were prepared by homogenization in a buffer consisting of
20 mm Tris HCl (pH 7.4), 1 mm EDTA, T mm EGTA, 1% Triton X-100, a
protease inhibitor cocktail (Roche Diagnostics) and 2mm sodium
orthovanadate and 10 mm B-glycerophosphate as phosphatase inhibitors.
Total protein from BAT was isolated by homogenization in a buffer
consisting of 50 mm Tris HCI (pH 7.4), 150 mm NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, 0.1 mm EDTA, 0.1 mm EGTA, a
protease inhibitor cocktail, 2 mm sodium orthovanadate and 10 mm (-
glycerophosphate. Total protein (30 pg per lane) was resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis on 12% or 15% gels
and electrotransferred to Immobilon-P polyvinylidene difluoride mem-
branes (GE Healthcare, Little Chalfont, UK). Membranes were incubated
with primary antibodies specific for UCP1 (ab10983, Abcam, Cambridge,
UK), LC3B (no. 2775S, Cell Signaling Technology, Danvers, MA, USA),
p62/SQSTM1 (sc-25575, Santa Cruz Biotechnology Inc., Dallas, TX, USA),
Total-OXPHOS Rodent WB antibody cocktail (MS601, MitoSciences, Eugene,
OR, USA) and/or a-TUBULIN (T9026, Sigma-Aldrich) and then with
horseradish peroxidase-conjugated anti-mouse IgG (170-6516, Bio-Rad,
Hercules, CA, USA) or anti-rabbit IgG (711-035-152, Jackson Immunor-
esearch Laboratories Inc,, West Grove, PA, USA), as appropriate. Signals
were detected using a chemiluminescence horseradish peroxidase
substrate (EMD Millipore). Densitometric analyses of digitalized images
were performed using the Multi Gauge V3.0 (Fujifilm, Tokyo, Japan)
software. Images were processed using Adobe Photoshop CS6 (Adobe
Systems) for brightness and contrast adjustments, applied uniformly across
the entire image.

Oxygen consumption assay

Oxygen consumption in brown adipocytes was recorded using the Oxygen
Biosensor System (BD Biosciences, San Jose, CA, USA) following previously
described procedures.?* Primary brown adipocytes differentiated in culture
were treated either with or without lysosome inhibitors for 6 h. Cells were
then trypsinized, harvested in Dulbecco’s modified Eagle’s medium and
placed in a 96-well BD Oxygen Biosensor System plate. Three independent
cell cultures were used, and for each condition, four wells containing 10°
cells and 200 pl of media were analyzed. Uncoupled respiration was
determined by adding oligomycin (10 ug ml~") just before initiating the
oxygen consumption recording. Fluorescent signal was read every 1 min
for 60 min using a FLUOstar OPTIMA microplate reader (BMG Labtechnol-
ogies, Ortenberg, Germany). Fluorescent signal was normalized according
to the manufacturer’s instructions (BD Biosciences). The relative oxygen
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consumption was calculated using the linear parts of the curves of
fluorescence.

Statistical analysis

Two-tailed unpaired Student’s t-tests were used to test the statistical
significance of differences between two experimental conditions. Welch's
correction was applied when unequal variances were detected by F-test,
using the GraphPad statistical software (GraphPad Software Inc., La Jolla,
CA, USA). Statistical significance was set with an a-value of P < 0.05, and
underlying assumptions for validity of all tests were assessed. Data are
presented as mean +s.e.m.

RESULTS

Thermogenic activation causes repression of autophagy in BAT
In order to determine how the autophagy cellular machinery
responds to thermogenic activation of BAT, we first analyzed the
effects of cold on the expression profile transcripts for autophagy
components. Exposure of C57BL/6J mice to 4 °C for 24 h resulted
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in a significant reduction in Atg7, Atg5, Atg9a, Ulk1, Map1lc3b and
Pik3c3 mRNA expression levels, accompanied by the expected
increase in the expression of transcripts for the thermogenic
marker genes Ppargcla, Dio2 and Ucp1 (Figure 1a). Similar effects
were found after cold exposure of mice from a distinct strain
(Swiss ICR, CD-1) (Supplementary Table S2). To further determine
whether this cold-induced reduction in transcript levels translated
into a reduction in autophagic activity, we examined the levels of
the phosphatidyletanolamine-conjugated microtubule-associated
protein 1 light chain 3 beta (LC3B-1).>>?® Immunoblotting analyses
showed a significant decrease in total LC3B-Il in BAT from cold-
challenged mice compared with control mice, non-significant
changes in LC3B-I protein along with an accumulation of the
autophagic substrate of degradation p62 (Figure 1b), consistent
with a reduction in autophagic flux. This was accompanied by the
expected significant induction of UCP1 protein levels.

We analyzed a second model of reciprocal change in BAT
thermogenesis: 24-h starvation. Fasting is a known inhibitor of BAT
thermogenic activity in mice.?” Consistent with this, we observed
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Figure 1.
proteins in BAT from cold-exposed C57BL/6J mice (24h at 4°C;

Autophagy and thermogenesis are oppositely regulated in BAT. (a) Relative mRNA levels of thermogenic and autophagy-related

n=7) compared with control mice maintained at 22°C (n=8).

(b) Immunodetection of phosphatidylethanolamine-conjugated LC3B (LC3B-Il), LC3B-I, p62 and UCP1. Left: Representative immunoblot for the
indicated proteins. Right: Relative amounts of the indicated proteins, determined by densitometry and adjusted using a-TUBULIN (ATUB) as a
loading control (n=6). (c) Relative mRNA levels of thermogenic and autophagy-related proteins in BAT from fed and fasted (24 h) C57BL/6J
mice (n= 6). The bars represent means + s.e.m. (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 2. Noradrenergic repression of autophagy in brown adipocytes. (a) Relative mRNA levels of thermogenic and autophagy-related genes

in primary brown adipocytes from Swiss ICR (CD-1) mice in culture treated with NE and harvested at the indicated time points (n=3).
(b) Autophagic flux was assessed by measuring LC3B-Il protein accumulation in differentiated brown adipocytes incubated with or without NE
and treated with Leu/NH4Cl or 3-methyladenine. Left: Immunoblot for LC3B with Coomassie staining (CS) used as a loading control. Right:
Relative amounts of LC3B-Il determined bx densitometry and adjusted using CS. The bars represent means +s.e.m. (*P < 0.05, **P < 0.01;
**p 0,001, treated with NE vs control; #*P < 0.001, with vs without inhibitors).

a strong repression of Ppargcla and Ucpl expression at the
transcript level in starved mice (Figure 1c) and the corresponding
reduction in UCP1 protein levels (Supplementary Figure S1). A
parallel assessment of autophagy-related transcripts revealed a
systematic induction of Atg7, Ulkl, Map1lc3b and Pik3c3
(Figure 1c). These results indicate an inverse relationship between
thermogenic activation of BAT and induction of autophagic
machinery components.

Noradrenergic repression of autophagy in brown adipocytes

In order to establish whether the effects of cold on the autophagic
machinery observed in vivo occur in a cell autonomous manner
and involve the noradrenergic pathway, the main mechanism of
control of thermogenesis in BAT, we analyzed the effect of NE on
brown adipocytes in culture. NE significantly reduced mRNA levels
of the autophagy-related genes Atg7, Atg9a, Ulk1, Map1lc3b, Tfeb
and Pik3c3 in primary cultures of brown adipocytes from Swiss ICR
(CD-1) mice (Figure 2a). Similarly, primary cultures from C57BI/6J
mice also showed a reduction in the mRNA expression of Atg7,
Atg9a, Map1lc3b, Tfeb, Ulk1 and Pik3c3 (Supplementary Table S3).
An investigation of the involvement of peroxisome proliferator-
activated receptors alpha (PPARa) and gamma (PPARYy) signaling,
thermogenic activity regulatory pathways with a potential
role in the transcriptional regulation of autophagy,?®?° showed
that GW7647 and rosiglitazone, activators of the corresponding
receptors, had no such repressive effect (data not shown).

To determine the effects of NE on autophagic flux, we
incubated cells with or without NE and a combination of leupeptin
and ammonium chloride (Leu/NH,Cl), added to inhibit lysosomal
activity and degradation of autophagolysosome membrane-
conjugated LC3B-Il protein.?® 3-Methyladenine, a general inhibitor
of phosphoinositide 3-kinase (PI3K) activity, including that of
PI3KC3, was also used to block earlier steps in autophagosome
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formation.?® NE significantly reduced the extent of LC3B-Il protein
accumulation in the presence of Leu/NH,Cl compared with that in
control conditions, indicating that NE represses the net autopha-
gic flux (Figure 2b) but acts in a PI3KC3-independent manner.

Effects of blockage of lysosomal activity on brown adipocytes

We also analyzed the effects of blocking lysosomal activity in
brown adipocytes on the regulation of UCP1, the mitochondrial
protein conferring to brown adipocytes their specific oxidative
thermogenic function. We found that the inhibition of the
lysosomal degradation with Leu/NH,Cl caused an increase in
UCP1 protein levels both under basal and NE-sitmulated condi-
tions (Figure 3a). However, the transcript levels of UcpT1 were not
increased compared with control cells (Figure 3b). These data
suggest a role of autophagy in UCP1 protein turnover.

In order to test whether this UCP1 protein accumulation is
associated with an increase in cell respiration, we measured brown
adipocyte oxygen consumption. Leu/NH,Cl treatment caused a
35% induction in total respiration. Moreover, brown adipocytes
treated with Leu/NH,Cl displayed 52% increase in uncoupled
respiration (measured as the oligomycin-resistant respiration)
(Figure 3c). These results suggest that inhibiting lysosomal
degradation not only cause a UCP1 protein accumulation but
also an increase in mitochondrial oxidative activity and especially
the uncoupled respiration in brown adipocytes. The levels of
several respiratory chain/oxidative phosphorylation subunits
tended to be induced as a consequence of Leu/NH,Cl treatment
but to a much lower extent than UCP1 (Supplementary Figure S2).

We further analyzed the putative interactions between autop-
hagosomes and mitochondria in brown adipocytes by immuno-
detection of endogenous LC3 after Leu/NH,Cl treatment. We
found that autophagosomes, detected as LC3 puncta, colocalized
with mitochondria (Figure 3d), consistent with accumulation of

© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Figure 3. Autophagic degradation of UCP1 in brown adipocytes. (a) UCP1 protein levels in primary brown adipocytes from Swiss ICR (CD-1)
mice in culture treated or not with Leu/NH,Cl and/or NE. Immunoblot for UCP1 and quantification using Coomassie staining (CS) as loading
control (n=2). (b) Relative mRNA levels of Ucp1 (n=3). (c) Total and uncoupled respiration of primary brown adipocytes in culture treated or
not with Leu/NH,4Cl (n=4). (d) LC3 and mitochondria colocalization in differentiated brown adipocytes treated with Leu/NH4Cl. Mitochondria
were stained with MitoTraker (red), nuclei were stained with DAPI and endogenous LC3 was immunostained with anti-LC3 antibody (green).
Colocalized pixels in a single z-stack are shown in white and highlighted with yellow arrowheads. The bars represent means + s.e.m. (*P < 0.05,
**p < 0,01, treated with vs without NE; *P < 0.05; P < 0.01; **P < 0.001, treated with vs without inhibitors).

the UCP1 protein after inhibition of lysosomal activity, noted with the expected induction of Ucp? mRNA, results similar to
above. Mitochondrially associated LC3 puncta tended to accumu- those caused by NE exposure. We next explored the potential
late in crown-like structures around lipid droplets (see below). involvement of protein kinase A (PKA) and the mitogen-activated
protein kinase p38 (p38-MAPK), the major intracellular mediators
of cAMP-dependent thermogenic regulation in brown adipocytes,
cAMP-mediated repression of autophagy in brown adipocytes in the auto%hagic pathwa)?. Expos%re of brown adipogyte)s/ to
We determined whether the observed repressive effects of NE on either SB202190, a p38-MAPK inhibitor, or H89, an inhibitor of PKA,
autophagy were mediated by cAMP, the main intracellular signal significantly reduced the cAMP-dependent expression of Ucpl
transducer of noradrenergic action in brown adipocytes. Treat- mRNA as expected (Figure 4a). SB202190 and H89 also increased
ment with the cell-permeable cAMP analog dibutyryl-cAMP the basal mRNA levels of multiple autophagic genes. However,
caused a significant reduction in transcript levels for Atg7, Atg5, SB202190 did not suppress the cAMP-mediated reduction in the
Atg9a, Ulk1, Map1lc3b, Tfeb and Pik3c3 (Figure 4a), in association levels of autophagy-related transcripts, whereas H89 suppressed
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Figure 4. cAMP-mediated repression of autophagy in brown adipocytes. Primary brown adipocytes from Swiss ICR (CD-1) mice in culture were

treated with dibutyryl cyclic AMP (cAMP), H89 (PKA inhibitor) and/or SB202190 (p38-MAPK inhibitor) as indicated. (a) Relative mRNA levels of
Ucp1 and autophagy-related genes (n = 4). The bars represent means + s.e.m. (*P < 0.05, treated with vs without cAMP; *P < 0.05, treated with
vs without inhibitors). (b) Autophagic flux was assessed by comparing relative amounts of LC3B-Il and p62 using immunoblotting. a-TUBULIN

(ATUB) was used as a loading control.

the inhibitory effects of cAMP on Atg7, Atg5, Atg9a, Ulkl and
Pik3c3 expression (Figure 4a).

Moreover, dibutyryl-cAMP caused a reduction in LC3B-II protein
levels accompanied by an increase in p62 accumulation
(Figure 4b). These results confirmed that NE acts through cAMP
to repress the autophagic machinery in brown adipocytes. Both
kinase inhibitors increased LC3B-ll protein levels under basal
conditions and in the presence of cAMP (Figure 4b). Similar to
other analyzed autophagic genes, Map1Ic3b transcript levels were
increased by treatment with SB202190 or H89 and reduced
by treatment with dibutyryl-cAMP (Figure 4a), indicating that
transcriptional regulation may contribute to the changes in LC3B
protein levels. Inhibition of PKA or p38-MAPK did not prevent the
cAMP-mediated reduction in Map7/c3b mRNA or LC3B-II protein.

Repression of autophagy by cAMP in brown adipocytes involves
disruption of lipid droplet/LC3 multivesicular structures

We monitored LC3 in brown adipocytes by immunofluorescent
detection under basal and cAMP-exposed conditions. Under basal
conditions, scattered LC3 puncta were present in the cytosolic
compartment of brown adipocytes (Figure 53, left). CAMP caused a
dramatic reduction in the intensity and number of LC3 puncta per
cell (Figure 4a, right), indicating a reduction in autophagy in
response to cAMP. A further examination of the subcellular
localization of LC3 in control brown adipocytes revealed that
LC3-positive vesicles were often found in association with lipid
droplets, forming crown-like structures (Figure 5b, left). Exposure
of cells to cAMP caused a dramatic loss of these structures
(Figure 5b, right).

Finally, we examined brown adipocyte subcellular structure
by transmission electron microscopy. In non-thermogenically
stimulated BAT, we observed the presence of multiple degrada-
tion vesicles consistent with an autophagolysosome structure
(Figure 5c). Many of these vesicles contained small fat droplets,
indicative of active lipophagy. However, this type of lipid
degradation vesicle was largely absent in transmission electron
microscopic images of BAT from cold-exposed mice (Figure 5c).
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DISCUSSION

In the present study, we report for the first time that repression of
autophagy is a component of the cellular response of brown
adipocytes to thermogenic activation. This repressive effect of
noradrenergic stimuli is mediated by cAMP and activation of
downstream intracellular kinases, mainly PKA. This indicates that
autophagy repression is tightly and reciprocally coordinated with
thermogenic activation of brown adipocytes, as both processes
share similar intracellular pathways of regulation.

To date, the role of autophagy in BAT biology has been
considered primarily in relation to in vivo differentiation/transdif-
ferentiation processes in adipose depots. Previous reports have
indicated that targeted ablation of autophagy machinery compo-
nents in adipose tissues promotes enrichment of brown-vs-white
adipocytes in adipose depots.’®?' Our current finding that
autophagy is repressed in response to thermogenic activation
indicates a distinct role for autophagy in differentiated brown
adipocytes that are tasked with acutely activating thermogenesis
in response to a noradrenergic stimulus. In fact, this is consistent
with early reports indicating repression of general proteolysis in
brown adipocytes in response to NE, a finding suggestive of the
involvement of autophagy.>® Other biological processes induced
during differentiation of brown adipocytes but repressed by
noradrenergic stimulation of already differentiated cells (for
example, PPARy expression) have been reported previously.*'

The coordinated repression of the expression of autophagy-
related genes, in addition to the repression of autophagic
flux itself, suggests that the negative regulation of autophagy in
response to thermogenic activation involves transcription-
mediated events. The operation of transcriptional processes in
controlling autophagy in response to metabolic adaptations
has been recently recognized in the liver, involving trans-
cription factors such as the cAMP response element-binding
protein (CREB).'3233 |n contrast to the stimulatory role in
hepatocytes,®> we found a repressive effect of cAMP on
autophagy in brown adipocytes, similarly to other non-hepatic
cells.>*3* This marked cell-specific regulation is consistent with the

© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Figure 5. Induction of thermogenesis reduces LC3 puncta and lipophagy in brown adipocytes. (a) Left: Inmunofluorescence detection of
endogenous LC3 (green) in immortalized brown adipocytes from C57BL/6J mice incubated or not with dibutyryl cyclic AMP (cAMP); nuclei
were stained with DAPI (blue). Right: LC3 fluorescence and LC3 puncta per cell, measured using the ImageJ software. Images were obtained
using confocal microscopy (n=30). (b) Left: Confocal images of a single z-stack showing LC3 crowns surrounding lipid droplets (LD) in
differentiated brown adipocytes. LD were stained with BODIPY 558/568 C12 (red), and after fixation, cells were immunostained for LC3 (green)
and stained with DAPI (blue). Right: Percentage of cells containing LD-LC3 vesicle crowns in confocal images (n=5). More than 25 cells for
each condition were analyzed. (c) Representative transmission electron microscopic images of BAT from control and cold-exposed C57BL/6J
mice (24 h at 4°C). Yellow arrowheads indicate autophagolysosomes containing lipids. Blue arrowheads indicate autophagolysosomes
containing cytoplasmic substrates without lipids. The bars represent means +s.e.m. (*P < 0.05, **P < 0.01; ***P < 0.001).

distinct physiological roles of cAMP in these two different cell Noradrenergic, cAMP-mediated, repression of autophagy causes
types: in hepatocytes, cAMP mediates starvation responses, a marked reorganization of the intracellular autophagy machinery.
whereas in brown adipocytes cAMP mediates thermogenic Under basal conditions, the autophagy vesicles were tightly
responses. On the other hand, the fact that experimentally associated with lipid droplets and cells contained multiple

induced repression of autophagy increases the levels of UCP1 and intracellular structures with lipophagic vesicle-like features.
uncoupled mitochondrial respiration suggests that naturally Thermogenic activation caused a dramatic loss of these structures,
occurring repression of autophagy by thermogenic stimuli consistent with a repression of lipophagy. Noradrenergic,
contributes to the adaptive enrichment of cellular components cAMP-mediated induction of classical, hormone-sensitive lipolysis
required for heat production. is a key process in brown adipocytes during activation of

© 2016 Macmillan Publishers Limited, part of Springer Nature. International Journal of Obesity (2016) 1591 -1599



Thermogenic repression of autophagy in brown fat
M Cair6 et al

thermogenesis. When thermogenesis is activated, free fatty acids
derived from lipolysis of lipid droplets are rapidly utilized by
mitochondria to sustain uncoupled respiration® The intracellular
organization of brown adipocytes, with tight physical interactions
between lipid droplets and mitochondria and long stretches of
mitochondria embracing lipid droplet, likely favor this process.>®
Our findings are consistent with a scenario in which lipophagy, a
mechanism of fat processing that is not directly linked to
mitochondrial oxidation, is disfavored when fatty acid metabolism
in lipid droplets is induced to provide fatty acids for direct use
by mitochondria for oxidation. Further research will be needed
to confirm this scenario of reciprocal activation of classical
hormone-sensitive lipolysis and lipophagy in response to thermo-
genesis in BAT.

Lipophagy has been previously studied and found to be highly
relevant for management of lipids in hepatic fat droplets.'®*’
However, it should be noted that the biological role of lipid
droplets is markedly different in hepatocytes and brown
adipocytes. Accumulation of lipid droplets is a pathogenic event
in hepatocyte steatosis®® that is often associated with lipo-
toxicity,>® whereas it is a phenomenon associated with intrinsic
biological function in brown adipocytes. Considering the much
higher activity of hormone-sensitive lipolysis in BAT than in the
liver,* it is likely that lipophagy has a less prominent role in fat
catabolism in BAT than in the liver.

During the preparation of this article, it was reported that 1 h
exposure of mice to cold elicits autophagy activation in BAT due
to central and peripheral mechanisms.*' The apparent contra-
diction of this observation with our current findings will deserve
further research. However, the complex intracellular machinery
associated with thermogenic activation in brown adipocytes
(including UCP1 protein increase) is known to be minimally
developed in such a very short-time cold exposure setting, and in
fact, shivering is the major response to very short-time acute
exposure to cold.>*?

Moreover, it may happen that autophagy repression does not
necessarily have a significant role in situations of induction of
BAT thermogenesis less intense or not as long as the 1 day cold
exposure used in the current study. In fact, autophagy regulation
is expectable to have a relevant role when overt remodeling of
BAT in response to sustained changes in thermogenic activation is
taking place.

In summary, we report that thermogenic activation of BAT is
associated with repressed autophagy. This results in increased
levels of thermogenic machinery components and repression of
the autophagic pathway of lipid management (lipophagy) in the
brown adipocyte. The inverse relationship between autophagy
and BAT-mediated energy expenditure is consistent with numer-
ous reports of abnormally high autophagy in adipose tissue from
obesity,'*'®® a condition associated with reduced BAT activity.
Thus, in light of the growing recognition on the relevance of BAT
thermogenesis in the control of obesity, exploring autophagy
regulation in BAT may provide novel tools for management of
energy balance and their abnormalities to favor metabolic health.
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