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Autophagy degrades cytoplasmic contents to achieve cellular
homeostasis. We show that selective loss of autophagy in
hypothalamic proopiomelanocortin (POMC) neurons decreases
a-melanocyte-stimulating hormone (MSH) levels, promoting
adiposity, impairing lipolysis and altering glucose homeostasis.
Ageing reduces hypothalamic autophagy and a-MSH levels, and
aged-mice phenocopy, the adiposity and lipolytic defect observed
in POMC neuron autophagy-null mice. Intraperitoneal isoproter-
enol restores lipolysis in both models, demonstrating normal
adipocyte catecholamine responsiveness. We propose that an
unconventional, autophagosome-mediated form of secretion in
POMC neurons controls energy balance by regulating a-MSH
production. Modulating hypothalamic autophagy might have
implications for preventing obesity and metabolic syndrome
of ageing.
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INTRODUCTION
Nutritional surplus and reduced energy expenditure promote
adiposity and glucose intolerance, the hallmarks of the metabolic
syndrome. The hypothalamic agouti-related peptide (AgRP)
and proopiomelanocortin (POMC) neurons integrate nutritional
and hormonal cues to control energy balance [1]. The AgRP
neurons release AgRP that promotes food intake, whereas
POMC neurons express POMC preproprotein that is processed
to generate adrenocorticotrophic hormone (ACTH) and a-melanocyte-
stimulating hormone (MSH) [2]. a-MSH activates central

melanocortin receptors to curtail food intake and promote energy
expenditure by modulating sympathetic outputs to the periphery [3].

Macroautophagy (hereafter autophagy) maintains cellular
homeostasis by sequestering cytosolic cargo within autophago-
somes and delivering these to lysosomes for degradation [4]. The
ubiquitin E1-like ligase, Atg7 initiates membrane elongation by
mediating LC3 (microtubule-associated light chain 3) and Atg5-12
conjugation [4]. A well-known inhibitor of autophagy is the
mammalian target of rapamycin (mTOR) [4]. Hypothalamic
mTOR regulates food intake [5] suggesting that central mTOR
might mediate these effects in part by modulating autophagy.
In fact, autophagy in AgRP neurons has been shown to control
food intake and energy balance [6]. As autophagy declines with
ageing [7] it is plausible that decreased hypothalamic autophagy
might contribute to the metabolic dysregulation observed with
age. Recent studies in yeast [8–10] and in mammalian systems,
including osteoclasts [11] and immune cells [12], have revealed
new unconventional roles for autophagy proteins in the secretion
of cellular proteins. These findings have led us to explore the
possibility of similar autophagosome-dependent mechanisms in
the nutrient-sensing hypothalamic neurons that might mediate
nutrient-driven peptide processing and secretion. Here, we
hypothesize that autophagic components contribute to POMC
processing to generate a-MSH, and that reduced autophagy in
POMC neurons promotes adiposity in part from decreased a-MSH
availability. The hypothesis was tested in POMC neuron-selective
atg7-deficient mice (knockout (KO)), and during reduced
autophagy in normally aged mice.

RESULTS AND DISCUSSION
Loss of atg7 in POMC neurons promotes adiposity
To test whether autophagy in hypothalamic POMC neurons is
required for energy balance, we generated KO mice by crossing
Atg7F/F mice with rodents that expressed cre in POMC neurons.
Selective loss of autophagy in POMC neurons was confirmed by
colocalization of cre with POMC (Fig 1A), and by demonstrating
the absence of Atg7 (Fig 1B) and accumulation of autophagy
substrate p62 in POMC neurons from KO mice (Fig 1C). KO mice
did not display increased neuronal apoptosis as determined by
TdT-mediated dUTP nick end labelling staining (Fig 1D) or POMC
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neuronal loss (Fig 1E) or increased mortality or neurological
deficits (data not shown) when compared with controls. KO mice
displayed higher body weights at 2 months (mo; control:
24.7±1.24, KO: 27.5±0.44; n¼ 9–13, Po0.001) that increased
with age (Fig 2A) and upon short-term (2mo) or prolonged (10mo)
high-fat diet (HFD) feeding (Fig 2A). Quantitative magnetic
resonance spectroscopy (Fig 2B,C) and analyses of epididymal
fat (eWAT) weights (Fig 2D,E) revealed that higher body weights of
KO mice resulted from increases in body fat and not from changes
in lean mass. KO mice displayed increased liver weights (Fig 2F)
and triglyceride content (mg/mg tissue weight; control: 19.3±4.6;
KO: 35.5±8.3; n¼ 6, Po0.05) suggesting aberrant hepatic lipid
deposition. As POMC-positive cells include pituitary cortico-
trophs, we asked whether altered corticosterone levels contributed
to the adiposity in KO mice. Equivalent plasma corticosterone
levels in 4-mo-old control and KO mice (supplementary Fig S1

online) excluded that defective corticotroph function in KO mice
contributed to the adiposity.

Autophagy modulates a-MSH levels in POMC neurons
Autophagy in AgRP neurons controls food intake and energy
balance by modulating AgRP levels [6], consequently we asked
whether loss of autophagy in POMC neurons affected hypotha-
lamic anorexic peptides to promote adiposity. Loss of autophagy
in POMC neurons increased hypothalamic levels of POMC
preproprotein (Figs 1A,E,2G,I) and its cleavage product
ACTH (Fig 2G), without affecting those of neuropeptide Y
(Fig 2H) or AgRP (data not shown). Acutely inhibiting autophagy
in hypothalamic N41 cells with 3-methyladenine (3MA), verified
by decreased LC3-II flux (supplementary Fig S2A online), modestly
increased cellular POMC levels (supplementary Fig S2B online).
However, addition of methylpyruvate (MP), an exogenous
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Fig 1 | POMC neuron-selective loss of autophagy. (A) Immunofluorescence for POMC (green) and Cre (red; n¼ 4), (B) POMC (green) and Atg7 (red;

n¼ 4) and (C) POMC (green) and p62 (red; n¼ 6) in MBH sections from Con and Atg7F/F-POMC-Cre (KO) mice. (D) TUNEL-positivity (green; n¼ 4)

and (E) number of POMC-positive neurons (red) in MBH sections from Con and KO mice (n¼ 6). Values are mean±s.e.m. P values are as compared

with diet- and age-matched controls. *Po0.05, ***Po0.001. Nuclei are blue (DAPI). Scale inset: 10 mm. White arrows indicate Atg7, Cre, p62 or POMC

signal. Yellow arrows indicate merged signal. Con, control; DAPI, 40-6-diamidino-2-phenylindole; KO, knockout; MBH, mediobasal hypothalamic;

NS, not statistically significant; POMC, proopiomelanocortin; TUNEL, TdT-mediated dUTP nick end labelling.
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nutrient, to N41 cells significantly raised levels of both POMC and
ACTH in 3MA-treated cells (supplementary Fig S2B,F online;
scheme in supplementary Fig S2C online). MP increased cellular
c-fos levels indicating the activation of these cells in presence of
nutrients (supplementary Fig S2B online). Blocking autophagy by
preventing lysosomal degradation with ammonium chloride and
leupeptin (inhibitors, Inh), as confirmed by increased p62
accumulation (supplementary Fig S2D online), also increased
POMC levels under basal conditions (data not shown) and in
response to MP (supplementary Fig S2E online, top) or serum
(supplementary Fig S2E online, bottom; scheme in supplementary
Fig S2C online). We next asked whether autophagy is required to
generate a-MSH, and that hypothalamic accumulation of POMC
and ACTH in the absence of autophagy occurred from the failure
to generate a-MSH. Indeed, mediobasal hypothalamic (MBH)
sections from KO mice displayed markedly reduced immuno-
staining for a-MSH (Fig 2I,J), which was consistent with increased
food intake by these rodents (supplementary Fig S3 online).

Inhibiting autophagy in N41 cells (Inh or 3MA) also reduced
nutrient (MP)-induced increases of a-MSH levels (supplementary
Fig S2G online). Although treatment with rapamycin, which
activates autophagy by reducing mTOR phosphorylation (supple-
mentary Fig S2D online), did not modify cellular POMC levels
(supplementary Fig S2E online, top and bottom), the activation of
autophagy led to localization of a-MSH to cellular projections
(supplementary Fig S2G online) supporting our hypothesis that
autophagy is required for the generation, and possibly, secretion
of a-MSH.

POMC neuronal autophagy is required for lipolysis
As the central melanocortin system regulates peripheral energy
expenditure [3], we next asked whether adiposity from loss of
autophagy in POMC neurons occurred from impaired peripheral
lipid mobilization. To test this we subjected control and KO
rodents to quantitative magnetic resonance spectroscopy analyses
for body composition before and after a 24 h fast. Although there
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Fig 2 | Loss of atg7 in POMC neurons promotes adiposity. (A) Body wt of 4-mo- and 12-mo-old Con and KO mice on RD (n¼ 9–13) or HFD (n¼ 5–7).
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(E) fat pads and (F) liver wt of 4-mo-old Con and KO mice on RD (n¼ 6–8). (G) Immunoblots for POMC and ACTH, and (H) NPY in MBH from

RD-fed Con and KO mice (n¼ 3–4). (I) Immunofluorescence for POMC (green) and a-MSH (red), and (J) a-MSH (green) in MBH from Con and KO

mice on RD (n¼ 5). Values are mean±s.e.m. P values are as compared with diet- and age-matched controls. *Po0.05, **Po0.01, ***Po0.001. Nuclei

are blue (DAPI). Scale inset: 10 mm. Yellow arrows indicate merged signal. ACTH, adrenocorticotrophic hormone; Con, control; DAPI, 40-6-diamidino-
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was a trend for fasted KO mice on regular chow (RD) to lose less
adipose mass, HFD-fed KO rodents were remarkably resistant to
fasting-induced loss of body fat when contrasted to diet-matched
controls (Fig 3A). Surprisingly, HFD-fed KO mice significantly
decreased their lean mass in response to fasting (Fig 3B),
suggesting that KO mice resisted fasting-induced lipolysis, and
thus used muscle protein for energy. To test the possibility of
defective lipid mobilization in KO mice, eWAT from fed and
overnight-fasted control and KO mice were subjected to
histological analysis for adipocyte size. Although fasting reduced
adipocyte size in controls reflecting mobilization of lipid stores,
adipocytes from KO rodents were resistant to reduction in cell size
(Fig 3C). To provide functional evidence for defective lipolysis in
KO mice, RD- or HFD-fed cohorts were 6 h fasted and analysed
for serum-free fatty acid and glycerol levels. As expected, fasted
KO rodents on RD or HFD displayed reduced circulating levels of
free fatty acids (Fig 3D; supplementary Fig S4A online) and

glycerol (Fig 3E; supplementary Fig S4B online) when compared
with controls. Decreased lipolysis was restored by intraperitoneal
(i.p.) administration of sympathomimetic isoproterenol to KO
rodents (Fig 3F,G) suggesting normal adipocyte catecholamine
responsiveness, as supported by our findings of equivalent
b3-adrenergic receptor messenger RNA levels in eWAT from
control and KO mice (supplementary Fig S4C online). These
results also suggest that reduced lipolysis might have occurred
from diminished central sympathetic tone to the periphery
from loss of atg7 in POMC neurons. Hypothalamic POMC
neurons project to neurons in the hindbrain nucleus of the tractus
solitarius [13] that, in turn, contribute to neural circuits that supply
peripheral tissues [14]. Thus, it is likely that autophagy
in hypothalamic POMC neurons singularly or in concert with
NTS (nucleus of the tractus solitarius) neurons modulates
central sympathetic outputs to the periphery. This conclusion is
supported by our observations of reduced expression of PGC-1a
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(supplementary Fig S4D online) and UCP-1 (supplementary
Fig S4E online) genes in eWAT from KO mice, which typically
correlate directly with adipose sympathetic nerve activity [15].

To examine further the peripheral consequences of loss of
autophagy in POMC neurons, we subjected eWAT from control
and KO rodents to immunoblotting for protein carbonylation
reflecting oxidized protein load, and the respective stromal
vascular fractions to flow cytometric analyses for the
F4/80þCD11cþ pro-inflammatory M1, and F4/80þCD11c�
anti-inflammatory M2 macrophage populations. The KO mice
displayed elevated adipose protein oxidation (Fig 3H), and
increases in the relative proportion of adipose M1 pro-inflamma-
tory macrophages, without affecting the M2 phenotype (Fig 3I).
Surprisingly, increases in the M1 macrophage proportion
occurred despite reduced total amount of adipose tissue infiltrated
macrophages in the lipolysis-deficient KO mice (supplementary
Fig S5A online), as confirmed by decreased adipose expression of
macrophage-specific gene Emr1 (supplementary Fig S5B online).
Although these results agree with a recent study showing a role for
lipolysis in adipose tissue infiltrated macrophage recruitment, [16]
our data showing an approximately threefold increase in the
proportion of M1 macrophages in the lipolysis-deficient KO mice,
suggest that additional mechanisms might skew adipose macro-
phages towards the M1 form in a fatty acid-independent manner.

Loss of POMC neuronal atg7 impairs glucose tolerance
As obesity typically associates with reduced insulin sensitivity, we
asked whether adiposity and inflammation in KO mice altered
glucose homeostasis. To test this, we first examined basal blood
glucose levels in 6-mo- and 12-mo-old RD-fed control and KO
mice, and in 12-mo-old cohorts fed a HFD. The loss of autophagy
in POMC neurons significantly increased blood glucose levels in
mice on RD (Fig 4A,B) or HFD (Fig 4C) when compared with
controls. Analyses for serum insulin levels in fed or 6-h-fasted
RD-fed cohorts revealed marked elevations in serum insulin levels
in KO mice when contrasted to controls (Fig 4D,E) and
consequently, homeostasis model of insulin resistance [17] values
were elevated in KO mice indicating decreased insulin sensitivity
(Fig 4F,G). Glucose tolerance tests revealed significantly reduced
glucose clearance in KO mice, regardless of the diet (Fig 4H,I).
Insulin tolerance tests showed the inability of KO mice to reduce
blood glucose levels in response to exogenous insulin (Fig 4J,K).
Altered insulin tolerance tests were also observed in young
1-mo-old KO mice (Fig 4L) with similar body weights as age-
matched controls (Fig 4M), suggesting that loss of autophagy in
POMC neurons was sufficient to dysregulate glucose homeostasis
before onset of adiposity. Although the mechanisms that contribute
to glucose intolerance in KO mice need to be examined, our
results demonstrate a central role for POMC neuronal autophagy
in control of glucose homeostasis.

Ageing reduces POMC neuronal autophagy and lipolysis
As autophagy is considered to decrease with age [7], we asked
whether normally aged mice (22mo) are defective for hypotha-
lamic autophagy. Indeed, ageing reduced hypothalamic Atg7
levels (Fig 5A) and decreased steady-state levels of LC3-II,
indicating reduced autophagosome content (Fig 5B). Functional
autophagy flux assays revealed reduced rate of autophagolyso-
somal fusion (Fig 5C, left), and decreased lysosomal accumulation

of autophagy substrates, LC3-II (Fig 5C, right), p62 (Fig 5D, left),
and neighbour of BRCA1 gene 1 (NBR1), the newly elucidated
autophagy receptor [18], (Fig 5D, left) in aged hypothalami.
Although, ageing did not significantly modify basal p62 and NBR1
levels in total hypothalamic lysates (Fig 5D, right), aged mice
revealed marked accumulation of p62 predominantly within
POMC neurons (Fig 5E, left and middle), suggesting increased
sensitivity of POMC neurons to reduced autophagy with age. In
agreement with altered hypothalamic peptide levels in KO mice
(Fig 2G,I,J), reduced autophagy during ageing increased hypotha-
lamic POMC preproprotein (Fig 5E right, and F) and ACTH levels
(Fig 5F), and reduced those of a-MSH (Fig 5G). In addition, aged
rodents phenocopied the adiposity and lipolytic defects observed
in KO rodents, as reflected by increased body weight (Fig 5H),
adipose expansion (Fig 5I) and reduced fasting-induced serum-free
fatty acids (Fig 5J), and glycerol (Fig 5K) when compared with
young (3mo) mice. Decreased lipolysis in mice was restored by
i.p. isoproterenol (Fig 5L,M), despite reduced adipose triglyceride
lipase levels (Fig 5N) demonstrating maintained adipose catecho-
lamine responsiveness during ageing. Restoration of adipose
lipolysis upon peripheral sympathetic stimulation in two models
of reduced hypothalamic autophagy, that is, during ageing, and
following deletion of atg7, demonstrates a crucial role for
hypothalamic autophagy in maintenance of central sympathetic
lipolytic signals to peripheral tissues.

In totality, our results reveal that POMC neuronal autophagy is
required for maintenance of energy balance through generation of
a-MSH, and that reduced autophagy in POMC neurons might
contribute, in part, to the metabolic disturbances observed during
ageing. We suggest a possible role for an unconventional form of
autophagosome-mediated processing of ACTH into a-MSH
(supplementary Fig S6 online). Recent studies have highlighted
roles for autophagosomes in secretion of cytosolic proteins as
diverse as acyl coenzyme A-binding protein in the yeast [8–10] or
the inflammatory cytokine interleukin-1 [12] by a function that
occurs independent of its fusion with lysosomes. We propose that
autophagy proteins might also modulate the processing, and
possibly secretion, of neuronal proteins. Thus, modulating
autophagy in POMC neurons for control of whole-body energy
balance might have implications for developing new strategies
against obesity, and the metabolic syndrome of ageing.

METHODS
Animals and cells. KO mice were generated by crossing Atg7F/F

(Drs M. Komatsu and K. Tanaka, Tokyo Metropolitan Institute of
Medical Science) with POMC-Cre mice (Jackson Laboratories, Bar
Harbor, ME, USA). Aged (22 mo) and young (3 mo) mice were
obtained from the NIH National Institute on Aging (Bethesda, MD,
USA). Studies were performed in male mice under a protocol
approved by the institutional animal care and use committee.
Mice were fed RD (5058; Lab Diet, St Louis, MO, USA) or a HFD
(60% kcal in fat; D12492; Research Diets, New Brunswick, NJ,
USA), and maintained on 12-h light/dark cycles. Fasting was
initiated at the beginning of the dark cycle. Genotyping was done
with described primers [6]. Mouse hypothalamic N41 cells were
grown in high glucose (4.5 g/l), glutamine-supplemented DMEM
(Invitrogen, Carlsbad, CA, USA) with 10% fetal bovine serum
(Invitrogen) and antibiotics. For experiments, hypothalamic cells
were transferred to serum-free DMEM.
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Chemicals and antibodies. Antibodies to Atg7, adipose triglycer-
ide lipase, LC3 and P-mTOR (Ser2448) were from Cell Signaling
(Danvers, MA, USA), ACTH and POMC from Novus Biologicals
(Littleton, CO, USA), a-MSH from Thermo-Fisher (Waltham, MA,
USA), Cre from GenScript (Piscataway, NJ, USA), p62 from Enzo
life sciences (Plymouth Meeting, PA, USA), c-fos and neuropep-
tide Y from Santa Cruz Biotechnology (Santa Cruz, CA, USA),
NBR1 from Abnova (Walnut, CA, USA), ubiquitin from Invitrogen,
and b-actin from Sigma-Aldrich (St Louis, MO, USA). Antibody
selectivity for POMC (Novus Biologicals; NB100-1533), ACTH
(Novus Biologicals; NBP1-35271) and a-MSH (Thermo-Fisher;
PA1-18012) were based on their abilities to recognize non-
overlapping epitopes to prevent nonspecificity. Isoproterenol

(10 mg/kg body weight), insulin (0.75 U/kg body weight), leupep-
tin (100mM), ammonium chloride (20 mM), 3MA (1.5 mg/ml) and
rapamycin (100 nM) were from Sigma-Aldrich, and MP (10 mM)
from Fluka (Milwaukee, WI, USA).
In vivo p62/LC3/NBR1 flux assays. Autophagic flux assays
determined the net amount of autophagy substrates accumulated
in lysosomes in presence of lysosomal Inh, ammonium chloride
and leupeptin. Briefly, MBH explants were immediately trans-
ferred to glutamine-supplemented, high glucose DMEM in
presence or absence of Inh at 37 1C/5% CO2 for 2 h following
which explant lysates were immunoblotted for LC3-II, p62 or
NBR1. Functional parameters reflecting autophagy flux were
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dividing the densitometric value of Inhþ LC3-II by Inh� LC3-II
value for the corresponding sample, and as ‘net flux’ calculated by
subtracting the densitometric value of Inh– LC3-II, p62, and NBR1
from those of corresponding Inhþ values.
Immunohistochemistry. MBH sections were prefixed in
paraformaldehyde and incubated in 20% sucrose at 4 1C. Sections
were acetone fixed at �20 1C, blocked with 3% fetal
bovine serum containing 0.01% Triton X-100, treated with
primary and fluorophore-tagged secondary antibody (Invitrogen),
mounted in 40-6-diamidino-2-phenylindole (Invitrogen) and
observed on an Axiovert 200 (Zeiss, Germany) or a Confocal
SP5 AOBS microscope (Leica, Germany). POMC neuron count
was estimated in 10 fields per section, 4 sections from each
mouse, from 6 control and KO mice, and expressed as number
of POMC-positive cells per field. MBH TdT-mediated dUTP
nick end labelling staining was done by a commercial kit
(Promega, Madison, WI, USA), and observed on a Leica SP5
microscope.
Real-time PCR. Adipose gene expression was determined using
SYBR Green in a Smart Cycler II thermocycler (Cepheid,
Sunnyvale, CA, USA) as described [6]. Expression of genes for
PGC-1a, UCP-1 and b3-adrenergic receptor were normalized to
actin. The following primers were used: pgc-1a (forward (f)) 50-CC
CTGCCATTGTTAAGACC-30, (reverse (r)) 50-TGCTGCTGTTCCTG
TTTTC-30; ucp-1 (f) 50-ACTGCCACACCTCCAGTCATT-30, (r) 50-CT
TTGCCTCACTCAGGATTGG-30; Adrb3 (f) 50-GGCAACCTGCTG
GTAATCAT-30, (r) 50-TCCACTGACGTCCACAGTTC-30.
Statistics. Values are meanþ s.e.m, and groups were compared
by two-tailed Student’s t-test using Sigma Plot (Jandel Scientific,
San Rafael, CA, USA).
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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NBR1 flux in MBH from 3 mo and 22 mo fed mice in presence or absence of Inh (n¼ 11–13). (E) Immunofluorescence for POMC (green) and p62

(red) (n¼ 4), (F) immunoblots for POMC and ACTH (n¼ 4), and (G) immunofluorescence for a-MSH in MBH from 3 mo and 22 mo mice on RD

(n¼ 4). (H) Body wt and (I) eWAT wt of 3-mo- and 22-mo-old mice on RD (n¼ 9–13). (J) Serum fatty acids and (K) glycerol from fed or 6-h-fasted

(Stv) 3 mo and 22 mo mice (n¼ 7–9), and (L,M) after intraperitoneal Iso in 6-h-fasted 3 mo and 22 mo mice (n¼ 5–6). (N) Immunoblots for adipose

triglyceride lipase (ATGL) in eWAT from 3 mo and 22 mo mice. Values are mean±s.e.m. P values are as compared with controls. *Po0.05, **Po0.01,

***Po0.001. Nuclei are blue (DAPI). Scale inset: 10mm. Yellow arrows indicate merged signal. ACTH, adrenocorticotrophic hormone; Con, control;
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