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Abstract

Significance: Alterations in adipose tissue function have profound consequences on whole body energy ho-
meostasis because this tissue is central for fat accumulation, energy expenditure, glucose and insulin metab-
olism, and hormonal regulation. With the obesity reaching epidemic proportions globally, it is important to
understand the mechanisms leading to adipose tissue malfunction.
Recent Advances: Autophagy has originally been viewed as an adaptive response to cellular stress, but in recent
years this process was shown to regulate important cellular processes. In adipose tissue, autophagy is a key
regulator of white adipose tissue (WAT) and brown adipose tissue (BAT) adipogenesis, and dysregulated
autophagy impairs fat accumulation both in vitro and in vivo. Animal studies have also suggested an important
role for autophagy and mitophagy during the transition from beige to white fat. Human studies have provided
evidence for altered autophagy in WAT, and these alterations correlated with the degree of insulin resistance.
Critical Issues: Despite these important advances in the study of autophagy in adipose tissue, we still do not
understand the physiological role of autophagy in mature white and brown adipocytes. Furthermore, several
human studies involving autophagy assessment were performed on whole adipose tissue, which complicates the
interpretation of the results considering the cellular heterogeneity of this tissue.
Future Directions: Future studies will undoubtedly expand our understanding of the role of autophagy in fully
differentiated adipocytes, and uncover novel cross-talks between this tissue and other organs in regulating lipid
metabolism, redox signaling, energy homeostasis, and insulin sensitivity. Antioxid. Redox Signal. 31, 487–501.
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Introduction

Adipose tissue is vital for the body, and it is now rec-
ognized as an endocrine organ that secretes key adipo-

kines and hormones to maintain metabolic homeostasis.
There are three types of adipose tissues with distinct cellular
origin: white adipose tissue (WAT), brown adipose tissue
(BAT), and bright or beige adipose tissue. The function of
WAT is fat storage when calories are in excess and fat mo-
bilization when calories are sparse. In contrast, BAT is in-
volved in thermogenesis owing to its capacity to dissipate
energy as heat through mitochondrial uncoupling. The beige
adipose tissue is an intermediary phenotype between WAT
and BAT, in which energy dissipation can be induced in
response to b-adrenergic stimulation.

Adipose tissue is an active metabolic organ that requires
intrinsic systems to maintain its function and health. One of

these systems is autophagy, which is a homeostatic process
by which most mammalian cells recycle cellular components
and eliminate damaged proteins and organelles. In the last
decade, several studies have highlighted the role of autop-
hagy in adipose tissue function such as its role in adipogen-
esis and thermogenesis. Furthermore, the autophagic process
is impaired in adipose tissue of obese and diabetic humans
and animals, thus providing evidence for the importance of
this degradation pathway in the maintenance of metabolic
health.

In this review, we briefly summarize the molecular
mechanisms of autophagy and its regulation, and describe its
role in adipogenesis and thermogenesis in WAT and BAT.
We also review key aspects of autophagy impairments in
WAT and BAT during obesity and diabetes, and discuss its
involvement in adipose tissue inflammation and insulin re-
sistance.
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Autophagy and Its Regulation

The term ‘‘autophagy’’ comes from the Greek world ‘‘self-
eating’’ and was first used by the Nobel Prize laureate
Christian de Duve in 1974 (14). However, the molecular
pathways involved in the autophagic process and its regula-
tion were only recently discovered, owing to the advance-
ment in genetic approaches that were used to target this
process (95, 131). Most of what we know about autophagy
has been discovered in the unicellular eukaryote Sacchar-
omyces cerevisiae, and this knowledge yielded another Nobel
Prize for Dr. Yoshinori Ohsumi in 2016.

The autophagic process has been extensively reviewed
elsewhere (17, 21, 36), and we briefly describe the main steps
and the key regulators of this process in mammalian cells. The
autophagic process consists of six steps: (i) initiation, (ii)
nucleation, (iii) expansion, (iv) autophagosome formation, (v)
autophagosome–lysosome fusion, and (vi) lysosomal degra-
dation of the cargo (Fig. 1). The initiation of autophagy in-
volves two main players: Unc-51-like kinase 1 (ULK1) and
the class III phosphatidylinositol-4,5-bisphosphate 3-kinase
(PI3K3C). The activation of these kinases is accompanied by
the recruitment of autophagy related genes (ATGs)-containing
vesicles, which deliver lipids and proteins necessary for
membrane expansion (46, 92). The ATGs involved are
mostly the ubiquitin-like ATG8 family members, including
ATG3, 4, 5, 7, 12, and 16L1 (120). This conjugation process
results in the conversion of the freely diffused form of ATG8
(known as LC3I) to the membrane-tethered and lipidated
form (known as LC3II) (20, 34, 56). Once the phagophore is
sealed, the autophagosome undergoes maturation, which in-
volves the gradual clearance of ATGs from the outer mem-
brane and recruitment of the machinery responsible for
lysosomal delivery and fusion comprising the SNAREs,
syntaxins, SNAPs, and VAMPs (15, 40). Once fused with
lysosomes, the autophagic cargo is degraded in the acidic
lumen of the lysosomes (97).

Because autophagy is an adaptive response to mainly nu-
trient stress, it is regulated predominantly by energy stress
sensors such as the mammalian target of rapamycin (mTOR)
and the adenosine monophosphate-activated protein kinase

(AMPK) (Fig. 2). There are two distinct mTOR complexes:
mTOR complex 1 (mTORC1) and mTOR complex 2
(mTORC2); however, only mTORC1 was shown to directly
regulate autophagy (43). The mechanisms by which
mTORC1 inhibit autophagy involve ULK1, which is phos-
phorylated and inactivated by mTORC1 in high nutrient
conditions (38). In contrast, ULK1 is dephosphorylated and
dissociated from mTORC1 under starvation (38). During
nutritional stress (drop in adenosine triphosphate [ATP])
AMPK is activated, which leads to mTORC1 inactivation
through phosphorylation and activation of the mTORC1 in-
hibitor tuberous sclerosis 2 (TSC2) (39). In addition, AMPK
can activate ULK1 upon phosphorylation at various serine
residues, thus activating autophagy (18). Aside from mTOR
and AMPK, work on yeast identified protein kinase A (PKA)
as an inhibitor of autophagy (124), an observation recently
extended to mammalian cells (91, 111). The mechanisms by
which PKA and its downstream transcription factor, cAMP
response element binding (CREB) protein, negatively regu-
late autophagy in mammalian cells involved the transcription
of Itm2a, a membrane protein that interferes with the vacu-
olar ATPase function and thus the autophagic flux (91). Re-
levant to adipose tissue, PKA was also shown to inhibit
autophagy and mitophagy through the modulation of gene
expression of the transcription factors Mitf and FoxO3 and
their autophagic/lysosomal targets (1, 2, 10). This will be
further discussed under the Autophagy/Mitophagy and
Thermogenesis section. Another key transcriptional factor
involved in autophagy regulation is the transcription factor
EB (Tfeb). Tfeb is negatively regulated by mTORC1 and
released upon starvation to induce the expression of genes
involved in lysosomal biogenesis and lipid catabolism (110).

Selective Autophagy in Adipose Tissue

Although initially described as a bulk nonselective deg-
radation process, autophagy can be selective. Thus,
chaperone-mediated autophagy (CMA) is responsible for
degrading certain proteins containing a specific amino acid
sequence (16, 47). In addition to selectivity toward cellular

FIG. 1. The autophagic steps in mammalian cells. Autophagy is initiated upon activation of upstream signals, and results
in activation of ULK1 and class III PI3KC3. Elongation of the phagophore and maturation of autophagosome requires a
conjugation system consisting of ATG3, ATG4, ATG5-ATG12, ATG7, ATG8 (or LC3), ATG10, and ATG16L. Cellular
material targeted for degradation is marked by adaptor proteins such as p62 (or sequestosome 1), and then engulfed in autop-
hagosomes. The mature autophagosome then fuses with lysosomes, and the cargo is degraded by lysosomal hydrolases. ATGs,
autophagy related genes; ATP, adenosine triphosphate; PI3K3C, phosphatidylinositol-4,5-bisphosphate 3-kinase; ULK1, Unc-
51-like kinase 1. Color images are available online.
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proteins (aggrephagy), autophagy can selectively target or-
ganelles, including lipid droplets (LDs; lipophagy), mito-
chondria (mitophagy), peroxisomes (pexophagy), ribosomes
(ribophagy), and endoplasmic reticulum (ER; reticulophagy)
(23). The mechanisms involved in selective autophagy are
partially understood but seem to involve a cargo recognition
step involving specific receptors/adaptors [a topic exten-
sively reviewed elsewhere in Anding and Baehrecke (3), Sica
et al. (117), Stolz et al. (125), and Zaffagnini and Martens
(141)]. For the purpose of this review, we discuss the im-
portance of lipophagy and mitophagy in WAT and BAT
function and maintenance.

Lipophagy

LDs are composed of hydrophobic triglyceride (TG) core
and sterol esters enwrapped by a polar lipid monolayer as-
sociated with various proteins (28, 30). Although found in
many cell types, LDs are the core cytosolic components of
white adipocytes and serve as a reservoir for TGs to be mo-
bilized in times of energy demand (102). The mobilization of
lipids from LDs in adipocytes occurs mainly through hy-
drolysis by cytosolic lipases such as LD-associated adipose
triglyceride lipase (ATGL); the cytosolic hormone-sensitive

lipase (HSL); and monoacylglycerol lipase (MGL), which
are all regulated by nutrients and hormonal signals (28).
Another form of mobilization of LDs uses autophagy and is
termed lipophagy. Lipophagy was first discovered in the liver
(118), and then subsequently found in other cell types such as
neurons, macrophages, and tumor cells. Since then, the
question was raised to whether lipophagy also regulates lipid
mobilization in adipocytes, a cell dedicated to lipid storage
and degradation. Lipophagy in the liver was shown to depend
on an intact autophagy machinery (118), and lack of this
process in adipose tissue was rather associated with a decrease
in adipocyte LDs content (119, 142). This contradicting find-
ing may be explained by the impaired adipogenesis and TGs
accumulation in adipose-specific Atg7-deficient mice (119,
142). In fact, reduced fat accumulation in mice lacking Atg7 in
adipose tissue is rather consistent with a role of autophagy in
LDs biogenesis rather than degradation, which was recently
reported in hepatocytes (65, 115). The mechanisms regulating
the recruitment of the autophagic machinery to LDs are still
not fully characterized. A recent study showed that autophagy
is necessary for LDs degradation upon b2-adrenergic-
stimulated lipolysis in 3T3-L1 adipocytes in vitro, which in-
volved the Ras-related protein Rab-7 (72). Rab-7 is associated
with LDs, and helped recruit the autophagic machinery and
lysosomal fusion (72). Aside from Rab-7, the autophagy
adaptor p62 (SQSTM1) was recently shown to associate with
LD proteins both in hepatocytes and in myotubes (7, 58). In-
deed, p62 is necessary for LC3 recruitment to LDs, and its
silencing resulted in TG accumulation in hepatocytes (134).
Whether p62 has similar roles in lipophagy in adipocytes is not
clear as lack of p62 in brown preadipocytes had no effect on
lipid accumulation (88).

Lipophagy and lipolysis are often connected, and more
evidence now suggests that these two processes work to-
gether to optimize lipolysis in BAT in response to b-
adrenergic stimulation (80). Lipophagy induction in BAT
and liver is associated with lipolysis activation through the
interaction of ATGL with LC3 on autophagosomes to max-
imize lipolysis. Finally, altered autophagy through down-
regulation of Bif-1 (a membrane-curvature-inducing protein)
increased obesity with high-fat feeding through impairment
of basal but not hormone-stimulated lipolysis (71). Thus, to
better clarify the role of autophagy and adipose tissue lipo-
phagy and to define its interaction with lipolysis, a specific
targeting strategy of autophagy in mature adipocytes is
needed.

Mitophagy

While WAT mitochondrial content is low, brown and beige
adipose tissues are characterized by the abundance of mito-
chondria. Mitochondrial content in brown and beige adipose
tissues is dynamic, and varies in response to nutritional and
hormonal stimuli. Mitophagy, which is the selective degra-
dation of mitochondria, is necessary to segregate and eliminate
damaged/dysfunctional organelles in cells (64). This process is
usually coupled with mitochondrial biogenesis and mito-
chondrial dynamics (change in mitochondrial shape) to assure
an adequate number that matches the energetic demand. The
molecular mechanisms of mitophagy and key mitophagy re-
ceptors have been extensively studied and characterized in cells
after mitochondrial depolarization by synthetic ionophores such

FIG. 2. The main regulators of autophagy in adipose
tissue. Autophagy is regulated both transcriptionally and
post-translationally. Nutrient stress such as overfeeding or
starvation modulates autophagy through two main arms:
mTORC1 activation (overfeeding) and AMPK (starvation).
Phosphorylation of ULK1-FIP200-ATG13 complex by
mTORC1 leads to its dissociation and inactivation. In con-
trast, during starvation, AMPK is activated, leading to ULK1/
FIP200-ATG13 activation and autophagy initiation. AMPK
also phosphorylates the mTORC1 inhibitor TSC2, thus acti-
vating autophagy. PKA activates autophagy in beige adipose
tissue in response to b-adrenergic stimulation. The effect of
PKA on autophagy may involve the transcription factors
CREB, Mitf, and FoxO3. Similarly, mTORC1 activation in-
hibits the nuclear translocation of Tfeb, a transcription factor
important for autophagy/lysosomal function. AMPK, adeno-
sine monophosphate-activated protein kinase; CREB, cAMP
response element binding; mTOR, mammalian target of ra-
pamycin; mTORC1, mTOR complex 1; PKA, protein kinase
A; Tfeb, transcription factor EB; TSC2, tuberous sclerosis 2.
Color images are available online.
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as carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP). Most mitophagy receptors contain a region allowing
them to interact with mitochondria and an LC3-interacting
region (LIR) allowing them to recruit the autophagic ma-
chinery. These receptors are tissue specific, and their elimi-
nation of mitochondria can be dependent or independent of
autophagy. For example, Nix, also called Bcl2/adenovirus
E1B-interacting protein 3-like (Bnip3l), is the mitophagy
receptor for the elimination of mitochondria in reticulocytes
(105, 108). A homolog of Nix called Bnip3 has also been
shown to participate along with Nix to hypoxia-mediated
mitochondrial clearance in the heart (33). The most charac-
terized mitophagy pathway involves the PTEN-induced pu-
tative kinase 1 (Pink1) and the cytosolic E3 ubiquitin ligase
Parkin [reviewed elsewhere in Pickles et al. (98)]. In brief,
upon depolarization of mitochondria, Pink1 is translocated
to the mitochondrial outer membrane, where it undergoes
cleavage and autophosphorylation. Pink1 then phosphory-
lates Parkin and ubiquitin at Ser65, increasing its E3 ligase
activity (51, 114). It appears that phosphorylation of ubiquitin
is sufficient to induce basal mitophagy even in the absence of
Parkin, suggesting the existence of redundant pathways (44).
The synthesis of ubiquitin chain linkages on the mitochon-
drial outer membrane by the concerted action of Pink1 and
Parkin allows mitophagy receptors to bind to mitochondria
through their ubiquitin-binding domains (125). There are five
mitophagy receptors identified in mammalian cells, including
sequestosome 1 or p62, Nbr1, Ndp52, optineurin (Optn), and
Tax1bp1. Lack of all these receptors in a single cell line (also
called PentaKO cells) abolished Pink1-Parkin-mediated mi-
tophagy (60).

Among the earliest studies that suggested a role for mito-
phagy in adipose tissue function is the work from Jorge
Moscat’s laboratory (88) using aP2-driven deletion of p62 in
adipose tissue. Lack of p62 impaired thermogenesis through
a reduction in b-adrenergic-stimulated mitochondrial bio-
genesis and mitochondrial respiration (88). Whether these
effects of p62 deletion in adipose tissue are a consequence of
impaired mitophagy is still not clear as mitochondrial content
was rather decreased in BAT of these mice. More recent
studies associated whitening of BAT with enhanced expres-
sion of mitophagy markers after high-fat diet (HFD), whereas
activation of BAT after cold exposure or b-adrenergic stim-
ulation is characterized by a reduction in mitophagy (10,
116). These results imply that to maintain higher mitochon-
drial content, BAT mitophagy should be inhibited. This is
technically challenging to test as there are currently no tools
to target mitophagy specifically without affecting the au-
tophagy process. More recently, three mouse models were
developed to study mitophagy in vivo such as the mito-QC,
mito-timer, or mt-keima mice (83, 126, 127). These models
all use pH-sensitive mitochondria-targeted signal, and could
be instrumental to study mitophagy in WAT and BAT.

Autophagy and Adipogenesis

The first evidence for an inhibitory effect of autophagy on
adipogenesis came from a study using mouse embryonic fi-
broblasts (MEFs) from whole body Atg5-deficient mice (5).
This study demonstrated that adipogenesis is associated with
an increase in autophagy in wild-type cells and is impaired in
Atg5-deficient cells (5). Furthermore, impaired autophagy

through deletion of Atg7 in aP2+ cells or 3T3-L1 pre-
adipocytes similarly impaired adipogenesis and reduced fat
accumulation in mice (119, 142). Mechanistically, it was first
demonstrated that lack of autophagy does not interfere with
early events of adipogenesis such as the induction of adipo-
genic genes but rather impeded the later stages associated with
fat accumulation (5). However, this idea has been challenged
by a recent study showing that autophagy is rather necessary
for the degradation of adipogenic inhibitors such as Klf2/3
through a C/EBPb-mediated induction of Atg4 expression (29)
(Fig. 3). The importance of autophagy in adipogenesis is not
unique to WAT as this process is also impaired in BAT of mice
lacking Atg7 in Myf5+ BAT precursors (79). Aside from de-
grading adipogenic inhibitors, one possible role of autophagy
in white adipocytes could be the clearance of cytosolic com-
ponents such as organelles to accommodate the growing LDs.
In support of this idea, electron microscopy examination re-
vealed a higher number of mitochondria of Atg7-deficient
adipocytes (142). However, this explanation will be incon-
sistent with the maintenance of a higher mitochondrial number
in BAT adipocytes. One may argue that the regulation of
mitochondrial number in WAT and BAT is very different.
Thus, WAT uses less mitochondrial biogenesis and more au-
tophagy to maintain a lower number of mitochondria, whereas
higher mitochondrial biogenesis and lower mitophagy are
characteristic of BAT. Indeed, white differentiation of 3T3-L1
preadipocyte is associated with an increase in the number of
autophagosomes containing mitochondria (26, 93), while b-
adrenergic stimulation of BAT led to the inhibition of autop-
hagy/mitophagy (10).

The Role of mTOR in Adipose Tissue Autophagy

Activation of mTOR through growth factors signaling
(insulin in the case of adipogenesis) is known to suppress

FIG. 3. The role of autophagy in adipogenesis. Autop-
hagy is upregulated during the conversion of preadipocytes
to adipocytes. Deletion of autophagy proteins (Atg5, Atg7,
Atg13, ULK2, or beclin) reduced adipogenesis in vitro and
in vivo. One of the mechanisms involved in autophagy in-
duction during adipogenesis is the transcriptional induction
of Atg4b by C/EBPb. The induction of Atg4b expression
and the ubiquitination of Klf2 and 3 by p62 help eliminate
these two negative regulators of adipogenesis. Color images
are available online.
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autophagy (36, 139). However, treatment of 3T3-L1 with the
mTOR inhibitor rapamycin blocked adipogenesis through a
reduction in clonal expansion, a step required for terminal
differentiation (6, 138, 139). This is in line with a recent
report showing that rapamycin suppresses adipogenesis in
3T3-L1 preadipocytes in an autophagy-independent manner
(103). Consistent with impaired adipogenesis, lack of the
mTORC1 regulatory subunit raptor in aP2+ cells produced a
similar phenotype to the Atg7-deficient mice with reduced fat
mass and resistance to diet-induced obesity (DIO) (100).
Contrary to this study, targeting raptor to mature white and
brown adipocytes using the adiponectin-Cre promoter pro-
duced a lipodystrophic phenotype associated with metabolic
disease (62). This discrepancy highlights again the inefficient
and the off-target effects of the aP2-Cre system. The lipo-
dystrophic phenotype of adipocytes-specific raptor knock-out
mice cannot be solely explained by an increase in autophagy
because mTORC1 has several other downstream targets other
than autophagy. However, enhanced autophagy and lipo-
phagy may have played a role in the clearance of LDs in these
mice, resulting in heterogeneity in LD size. Deletion of
mTOR has also profound consequences on BAT as evidenced
by lack of adaptation to prolonged cold exposure in raptor-
adiponectin-Cre mice (57). Furthermore, inhibition of mTOR
by rapamycin was shown to inhibit WAT browning in re-
sponse to cold exposure or to b-adrenergic stimulation (69,
130). It remains to be determined whether these effects of
mTORC1 deletion in white and brown adipocytes are me-
diated by the induction of autophagy or by another arm of
mTOR signaling. Moreover, as mTORC1 was recently
shown to be phosphorylated by PKA in adipocytes (68), fu-
ture studies may unveil autophagy-dependent versus
autophagy-independent processes regulated by mTOR in
WAT and BAT.

Autophagy/Mitophagy and Thermogenesis

Brown fat has the capacity to dissipate energy as heat due
to the presence of the uncoupling protein 1 (UCP1) in the
inner mitochondrial membrane. UCP1 uncouples electron
transfer from ATP synthesis allowing more oxidation of
substrates to maintain a membrane potential. This uncoupling
is an exciting strategy to dissipate excess energy and to burn
extra calories. Therefore, agents that can uncouple mito-
chondrial respiration from ATP synthesis were viewed as a
potential therapeutic avenue to fight obesity. However, due to
the presence of other uncoupling proteins in other organs
(mainly UCP2 and UCP3 in heart, muscle, and b cells), it
became problematic to use uncoupling agents without the
undesirable cardiac phenotypes associated. Another type of
fat that has recently gained much attention is beige fat, which
shares functional similarities and thermogenic capacity with
brown fat despite having a distinct developmental origin (27,
63, 107, 109). One main difference between beige and brown
fat is that beige fat is inducible and can be recruited in re-
sponse to cold or to b-adrenergic stimulation, whereas brown
fat is constitutively active. The presence of beige fat in hu-
mans and its ability to be recruited and activated in response
to cold spared interest in studying the functionality and the
recruitment of this fat. It has been recently reported that au-
tophagy is differentially regulated in brown versus beige fat
(Fig. 4).

Brown fat

Brown fat is the main site for nonshivering thermogenesis in
mammals. During cold exposure, brown fat undergoes tre-
mendous remodeling including the increase in mitochondrial
biogenesis and mitochondrial turnover to allow substrate ox-
idation and mitochondrial uncoupling (27, 135). Indeed, work
by Wikstrom et al. (135) elegantly demonstrated that mito-
chondrial fragmentation upon norepinephrine (NE) stimula-
tion of brown adipocytes was required for mitochondrial
uncoupling in vitro. Perhaps contradicting these results, in vivo
deletion of the profusion mitofusin 2 (Mfn2) in white and
brown adipocytes or in brown and beige adipocytes led to
whitening of BAT and a reduction in cold-induced thermo-
genesis in mice (9, 76). These results suggest that fragmenta-
tion of mitochondrial network may be necessary for enhancing
the organelles’ contact with LDs to liberate and utilize fatty
acids, but this fragmentation cannot be sustained once the
stimulus is removed. Thus, a balance between fusion and fis-
sion is key to maintain the metabolic health of adipose tissue.

Initial studies examining the role of autophagy in adipose
tissue reported an increase in BAT mass in Atg7fl/fl-aP2-Cre
mice (119). The reasons for increased BAT mass were not fully
examined but enhanced mitochondrial content was observed,
suggesting a failure to clear mitochondria or impaired mito-
phagy (142). Consistent with this idea, short-term (24 h) ex-
posure of mice to cold (4�C) resulted in a significant reduction
in the expression of autophagy genes in BAT, whereas ther-
mogenic gene expression was elevated (10). Similar to cold
exposure, treatment of brown adipocytes with NE also sup-
pressed autophagy, indicating that the thermogenic program
inversely correlates with the autophagy program (10). Cold or
NE-mediated suppression of autophagy in BAT occurred both

FIG. 4. Repression of autophagy/mitophagy is neces-
sary for beige fat maintenance. Upon b-adrenergic stimu-
lation, beige fat is recruited into white adipose tissue through a
process that does not require autophagy. Upon removal of the b-
adrenergic stimulation, beige fat converts back to white fat
through the autophagic/mitophagic clearance of mitochondria.
Adenylate cyclase (AC)/cAMP/PKA represses autophagy to
maintain beige fat upon b-adrenergic stimulation. In brown fat,
some studies showed that the same cAMP/PKA pathway can
repress autophagy during b-adrenergic stimulation. ? represents
an inhibition that is not yet confirmed. Color images are available
online.
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at the transcriptional and at the post-translational level. The
transcriptional regulation involved cAMP/PKA/CREB and
p38MAPK because inhibitors of these pathways partially re-
stored autophagy in activated BAT (2, 10). Furthermore, the
post-translational regulation may occur in part through the
reduction in LC3 association with LDs in activated BAT (10).
However, these findings are in contrast with recent reports
showing that activation of BAT by cold or by b-adrenergic
stimulation is associated with rather an increase in autophagy
and mitophagy (74, 80). Surprisingly, one of the studies that
showed that mitophagy was increased in BAT upon activation
reported an accumulation of the autophagy adaptor protein
p62, which is a reflection of autophagy inhibition and not ac-
tivation (74). The reasons for the discrepancy in BAT mito-
phagy are not fully understood but may be related to the
duration of cold exposure, which was quite different between
these studies (1 h, 24 h, and 7 days, respectively). However, the
fact that PKA can phosphorylate and activate mTOR upon
b-adrenergic stimulation in BAT (68) is consistent with an
inhibition of autophagy and perhaps mitophagy under this
condition. Additional studies are needed to define the homeo-
static role of autophagy and mitophagy and their contribution
to BAT remodeling in response to a b-adrenergic stimulation.
It will also be important to clearly define the role of PKA/
mTOR in autophagy in BAT.

Beige fat

While the involvement of autophagy/mitophagy in clas-
sical brown fat maintenance and remodeling upon activation
is still debated, inhibition of mitophagy is important for the
maintenance of beige fat. Thus, WAT of Atg7fl/fl-aP2-Cre
mice acquired characteristic of the BAT, with the abundance
of small multilocular LDs and mitochondria (119, 142).
These changes that caused increased fatty acid oxidation and
energy expenditure protected the mice from DIO. However,
the use of aP2-Cre in these studies raised the question whe-
ther the recruitment of beige fat was mediated by nonadipose
tissues, including skeletal muscle, since Atg7 deletion in this
tissue elicited beige fat recruitment (48, 89). Furthermore, the
expression of aP2 in the central nervous system (CNS) and
the deletion of autophagy in this organ may have contributed
to beige fat recruitment (35). In fact, the short life span ob-
served in Atg7fl/fl-aP2-Cre mice resembles the phenotype of
Atg7 or Atg5 deletion in the CNS (50, 55). Therefore, it was
important to address the role of autophagy/mitophagy in
beige fat specifically. An elegant study from the Kajimura
group (2) used Ucp1-Cre mice to target autophagy through
Atg12 or Atg5 deletion in classical brown and beige fat.
Findings from this study clearly demonstrated that autophagy
is not necessary for beige fat recruitment in WAT after cold
exposure or in response to b-adrenergic stimulation. In con-
trast, autophagy was necessary for the clearance of mito-
chondria during the transition from beige-to-white fat after
withdrawal of the b-adrenergic stimulus (2). The mecha-
nisms involved in autophagy induction during beige-to-white
transition were mediated by a reduction in cAMP/PKA sig-
naling and the transcriptional repression of Mitf and FoxO3
(2). The same group further demonstrated that Parkin is re-
quired for mitochondrial clearance by autophagy during the
transition from beige-to-white fat, and that NE through the
PKA pathway inhibited the recruitment of Parkin to mito-

chondria (73). In the same study, it was also reported that
mitochondrial uncoupling and thus membrane depolarization
are not required for Parkin translocation to mitochondria
during beige-to-white fat transition (73), suggesting the ex-
istence of distinct signal (106). Other groups also found an
inverse relationship between Parkin and UCP1 expression in
inguinal white adipose tissue (iWAT) of mice treated with the
b-adrenergic receptor agonist CL316,243. Treatment of mice
with CL316,243 significantly reduced Parkin and increased
UCP1 expression in iWAT in mice (129). Furthermore, the
increase in Parkin expression in epididymal WAT of obese
mice may explain the resistance of this tissue to browning
(12, 13, 81). The same increase in Parkin and Pink1 was also
observed in BAT of obese mice, which may be involved in
BAT whitening (116). Altogether, these findings suggest that
autophagy/mitophagy antagonizes WAT browning and is
under the direct regulation of cAMP/PKA signaling in adi-
pose tissue (Fig. 2). It remains to be determined, however,
why is brown and beige fat different in their response to
autophagy inhibition if the main regulator of this process is
the cAMP/PKA signaling? Why is autophagy indispensable
for beige fat recruitment and BAT activation?

Alterations in Adipose Tissue Autophagy in Obesity and
Insulin Resistance

Since the initial studies show an improved metabolic
profile in Atg7fl/fl-aP2-Cre mice, several investigations star-
ted examining the level of autophagy in adipose tissue of
obese humans and animals (Fig. 5). Thus, it was proposed
that autophagy could be targeted pharmacologically to alle-
viate metabolic derangements in the obese state.

Adipose Autophagy/Mitophagy Modulation
by Phospholipids

Different roles that autophagy plays in BAT and WAT may
arise from differences in cellular lipid composition in these
tissues. BAT contains greater amounts of cardiolipin (CL) and
phosphoethanolamine (PE) compared with WAT (82, 128).
These findings likely reflect the greater mitochondrial content
in BAT compared with WAT, as CL and PE are conically
shaped phospholipids that are highly concentrated in cristae
where the enzymes of electron transport chain reside (37). Cold
stimulus induces CL and PE biosynthesis (75, 78, 128), and the
lack of CL impairs the thermogenic capacity of BAT (128). CL
and PE are both essential for autophagy/mitophagy. In partic-
ular, mitochondrial PE appears to be the main source of LC3
lipidation (104) and externalization of CL to outer mitochon-
drial membrane signals mitophagy by LC3 binding (11). As
cold induction reduces mitophagic flux, we speculate that there
must be a BAT-specific quality control mechanism by which
mitochondrial CL or PE does not initiate autophagy. It is un-
clear whether greater PE or CL in BAT compared with WAT
plays a role in how these tissues differentially respond to au-
tophagy. Phospholipids from BAT also contain higher pro-
portion of polyunsaturated fatty acids (PUFAs) compared with
WAT (82), also likely contributed by greater mitochondrial
content. In contrast, WAT contains greater amounts of phos-
phatidic acid (PA), diacylglycerol (DAG), TGs, cholesterol-
ester, sphingomyelin, and ceramides compared with BAT (82).
It is curious that PA and DAG contents are higher in WAT, as
these two lipids represent the precursors for all phospholipid
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molecules (132). Phosphatidylglycerol, phosphatidylinositol
(PI), and CL are generated from PA, whereas PE, phosphati-
dylcholine, and phosphatidylserine are generated from DAG.
Greater PA and DAG content in WAT may suggest greater
need for membrane recycling compared with BAT, consistent
with autophagy-dependent mitochondrial clearance in WAT
(2). PA is a known activator for mTOR (19, 85), and PI is a
mediator of PI3K3C that is essential for nucleation of phaga-
phore (112). Thus, these signals may partly mediate acceler-
ated mitophagy in WAT compared with BAT.

Human studies

Human studies involving adipose tissue rely solely on frozen
subcutaneous and omental biopsies taken during elective
general abdominal surgery or during bariatric surgery. The first
study that examined the level of autophagy in human adipose
tissue used subcutaneous adipose tissue from type 2 diabetes
(T2D) patients who were overweight (body mass index [BMI]
> 27) and compared them with nondiabetic controls who were
not matched for age, gender, or BMI (96). The study showed
that autophagy was increased in the subcutaneous adipose
tissue of T2D patients as evidenced by the abundance of LC3
puncta and autophagosomes, and this increase was associated
with reduced mTOR signaling (96). A subsequent study using
subcutaneous and omental WAT from two different cohorts of
obese and nonobese patients reported an elevated expression of
autophagy genes and LC3II in the omental fat of obese indi-
viduals (54). Furthermore, this study examined the autophagic
flux by incubating adipose tissue explants of the same subjects
with the lysosomal inhibitors bafilomycin A1 and leupeptin,
and showed that p62, which is normally degraded by autop-
hagy, accumulated more in WAT of obese individuals (54).
Finally, to determine the contribution of adipocyte and non-
adipocyte cells to the increase in autophagy in WAT of obese
patients, the same group examined the expression of autophagy
genes and LC3II protein in collagenase-digested WAT, and
demonstrated that the increase in autophagy markers occurred
only in adipocytes (54). In subsequent studies from the same
group, there was an inverse correlation between omental adi-

pose tissue ATG5 and LC3A messenger RNA (mRNA) and
circulating adiponectin levels and insulin sensitivity in obese
humans (121). They further demonstrate that inhibition of
autophagy in adipose tissue explants from the same patients
recovered adiponectin levels (121), suggesting that autophagy
induction in adipose tissue of obese patients may be a cause for
metabolic dysfunction. The transcriptional regulation of au-
tophagy genes in adipose tissue of obese humans involved the
E2F family of transcriptional regulators (77). E2F1 protein and
mRNA expression were elevated in the omental fat of obese
patients, and correlated with the mRNA expression of ATG5
and LC3B (31). Indeed, increased binding of E2F1 to putative
binding sites in the LC3B promoter was observed in the
omental fat of obese patients (32). Finally, autophagic flux and
expression of autophagy genes were suppressed in MEFs from
E2F1-deficient mice that were differentiated into adipocytes
(31). Surprisingly, adipogenesis was not affected in these cells
despite the known regulation of the cell cycle by E2F1 and the
importance of clonal expansion for adipogenic differentiation.
In contrast to these studies, reduced autophagic flux was seen
in isolated subcutaneous adipocytes from obese patients
compared with nonobese controls (123). Interestingly, weight
loss after bariatric surgery partially ameliorated adipocytes
autophagy, suggesting that autophagy inhibition may be
caused by lipid overload in adipocytes (122, 123). This ob-
servation is consistent with the known suppressive effect of
lipids on autophagic/lysosomal degradation previously re-
ported in liver (49, 69, 137), b cells (59), heart (41, 99), and
hypothalamus (84). The use of adipose tissue explants to ex-
amine autophagic flux is complicated by the fact that adipose
tissue cellular composition is complex, making it difficult to
ascertain that autophagy is equivalently affected across cell
types. In addition, adipose tissue from obese individuals con-
tains many immune cells when compared with adipose tissue
of lean individuals. Because of the known suppressive effect of
autophagy on inflammation, we can speculate that autophagy
induction in immune cells or other cell types within adi-
pose tissue plays a protective role to counteract inflammation.
Indeed, pharmacological inhibition of autophagy in adi-
pose tissue explants or adipocytes significantly increases

FIG. 5. The state of adipose autophagy in obese diabetic humans and animals. The state of autophagy in adipose
tissue of obese diabetic humans and animals is controversial. We summarized in this schematic studies showing enhanced or
reduced autophagy in obese diabetic adipose tissue of humans and animals (mostly rodents). References are provided in
parentheses and are cited in the main text. mRNA, messenger RNA. Color images are available online.
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proinflammatory cytokine secretion (42, 140). The poten-
tial role of autophagy in adipose tissue inflammation will be
discussed later.

Animal studies

Similar to human studies, animal studies examining the
level of autophagy and its role in metabolic homeostasis have
been inconsistent. Associative studies in rodents have re-
ported an increase in autophagy markers in WAT of geneti-
cally obese db/db and ob/ob mice and obese WOKW rats
with the metabolic syndrome (53, 66, 143). Similarly, p62
and LC3I levels were reduced, and LC3II/LC3I ratios were
increased in WAT of DIO mice (13, 116). Contrary to these
studies that examined the static level of autophagic markers
in whole WAT, autophagic flux measurement in WAT of
DIO mice revealed a defect in lysosomal clearance and an
increase in autophagosomes formation (86, 87), which may
explain in part the discordance in the results obtained with
static autophagic measurements.

The use of genetic approaches to study autophagy in adi-
pose tissue has further confirmed a role for this process in
adipose tissue development and homeostasis. Thus, deletion
of Atg7 using the fatty acid binding protein 4 (Fabp4 or aP2)
resulted in a lean mouse with improved resistance to obesity
and insulin resistance (119, 142). One important finding in
these studies is the importance of autophagy in the process of
adipogenesis, which was concomitantly observed in MEFs of
Atg5-deficient mice (5). Due to the defect in adipocytes de-
velopment in aP2-Cre-driven autophagy deletion, it is not
possible to conclude whether the role of autophagy in mature
adipocytes is beneficial or detrimental for metabolic health.
Furthermore, reduced survival of otherwise healthy Atg7fl/fl-
aP2-Cre mice suggests the existence of central defects that

may have affected energy expenditure independently of ad-
ipose autophagy (119). Indeed, targeted deletion of autop-
hagy in hypothalamic pro-opiomelanocortin (POMC)
neurons is sufficient to increase energy expenditure in mice
(80, 136). Thus, the initial phenotype of Atg7fl/fl-aP2-Cre
mice could be due to lack of autophagy in POMC or other
neuronal populations since aP2 is also expressed in the brain
(35). One other intriguing observation in adipose tissue of
Atg7fl/fl-aP2-Cre mice is a marked increase in macrophage
recruitment in epididymal WAT, which was not consistent
with their improved metabolic profile of these mice and may
suggest that autophagy is necessary to counteract inflam-
mation in adipose tissue (119). Consistent with this idea,
heterozygous deletion of Atg7 in ob/ob mice enhanced sys-
temic and adipose tissue inflammation and exacerbated in-
sulin resistance (66).

Autophagy and Adipose Tissue Inflammation

Autophagy is a lysosomal degradation process that not only
participates in the control of intracellular homeostasis by reg-
ulating organelle and protein turnover but also contributes to
the regulation of innate and adaptive immune responses. Both
inflammation and autophagy constitute a natural response to
stress, and the relationship between them is relatively complex.
During infections, defects in autophagy lead to excessive pro-
liferation of the pathogens and/or exacerbated immune re-
sponse, both of which are deleterious. Through autophagy, cells
can eliminate harmful components such as pathogens, allowing
them to survive in response to environmental stress (101, 133).
Like in infectious diseases induced by micro-organisms,
chronic inflammatory diseases, such as metabolic disorders,
induced by endogenous compounds, are generally associated
with inappropriate modulation of autophagy, which can play a

FIG. 6. The role of autophagy in adipocytes–macrophages cross-talk. In physiological conditions, autophagy regulates
inflammation, ROS levels, and M1 to M2 shift in macrophages population. During inflammatory conditions, such as
diabetes or HFD, autophagy is impaired in macrophages, which impair ROS regulation, cytokine production, and M1/M2
ratio. Concomitantly, increased inflammatory cytokines such as IL1b, IL18, and TNFa produced by M1 macrophages
inhibit Akt signaling pathway in adipocytes, resulting in the development of insulin resistance. Leptin produced by
adipocytes inhibits autophagy, which impact ER stress response and inflammation in adipocytes. ER, endoplasmic retic-
ulum; HFD, high-fat diet; ROS, reactive oxygen species. Color images are available online.
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pivotal role in inflammation by influencing the development,
homeostasis, and survival of inflammatory cells, including
lymphocytes, macrophages, and neutrophils as well as regu-
lating cytokines secretion (101).

Autophagic proteins have important roles in the regulation
of several immune system functions such as lymphocyte de-
velopment, antigen presentation, and cytokines production by
immune cells and nonimmune cells (133). In vitro and in vivo
studies revealed that autophagy is an important regulator of
adipocyte inflammation during metabolic diseases (Fig. 6).
Adipocytes autophagy impairment, attested by reduced
autophagy-related gene expression, such as LAMP1, LAMP2,
and Atg5, in insulin-resistant and in both DIO (42) and age-
associated obesity (24) models is closely associated with ab-
errant ER stress response (22, 42, 140). Adipocyte-derived
proteins such as leptin modulate adipose tissue inflammation
by reduction in adipose autophagy. As shown in ob/ob mice,
leptin inhibits autophagy through the downregulation of
Atg12, Beclin 1 as well as the Atf4/Atg5 complex formation
and reduces degradation of IjB with IL-18 and IL-1b reduc-
tion in adipocytes, thus impacting ER stress response and in-
flammation (22). Moreover, fatty acids upregulated during
obesity (4) may act as a harmful signal, which activates innate
immune receptors TLR (toll-like receptor) to initiate an im-
mune response, which participates in the regulation of energy
balance and insulin resistance (113). Evidence using old
TLR4-deficient mice suggests that TLR4 could initiate au-
tophagy and promote adipose tissue inflammation during age-
associated obesity (25). Experiments based on models of
genetic deficiencies in autophagy have demonstrated the im-
portance of this process in the homeostasis of adipose tissue
macrophages. Autophagic proteins such as Beclin 1 and LC3B
in macrophages act as critical regulators of caspase-1-
mediated immune responses and IL-1b and IL-18 secretion,
in vitro and in vivo, in NALP3 inflammasome-dependent
manner (90). Importantly, macrophage autophagy is down-
regulated by inflammatory stimuli, which is attested by de-
creasing LC3-II conversion and increasing p62 accumulation
in mice on HFD (45). Under HFD conditions, Atg7 regulate
M1 and M2 macrophage polarization, reactive oxygen species
production, proinflammatory cytokines (IL-1b and TNF-a)
secretion by M1 macrophage population, and lipid-induced
inflammasome activation in adipose tissue (45, 61). Con-
comitantly, increased proinflammatory cytokines such as
IL1b, IL18, and TNFa produced by adipose tissue macro-
phages inhibit Akt, which impairs insulin signaling, resulting
in insulin resistance (45) (Fig. 6). Interestingly, macrophage-
specific deletion of Atg5 and Atg16L increases hepatic in-
flammation, but does not affect adipose tissue inflammation or
body mass in mice-fed HFD (67, 70). However, the role of
autophagy in obesity, insulin resistance, and adipose tissue
inflammation is still controversial and appears to be context
dependent. Different studies show distinct results depending
on the diet, age, and sex of mice; the duration of HFD; the
mediators of obesity in the different models; the autophagy
genes deletion; and the tissue where autophagy proteins were
depleted. In almost all the studies, lipopolysaccharides (LPSs)
were used and when it comes to inflammation studies, addition
of LPS may complicate the interpretation of the results related
to adipose tissue inflammation (8).

In humans, a defective regulation of adipose tissue au-
tophagy is observed in adipocytes from T2D and obese in-

dividuals, which exhibit autophagosome accumulation and
increased autophagy assessed by higher LC3-II/LC3-I ratio,
upregulation of autophagy gene (LC3 and Atg5), along with
decreased p62 and mTOR protein levels when compared with
lean individuals without diabetes (52, 54). This upregulated
adipose tissue autophagy during obesity modulates proin-
flammatory cytokine expression and secretion, and involves
autophagy-related protein Atg7 (42). Another study involv-
ing obese-diabetic subjects undergoing calorie restriction
suggests that autophagy and inflammation are regulated in-
dependently (94).

Altogether, data from animal and human studies suggest
that autophagy in both adipose tissue macrophage and adi-
pocytes is important for inflammation, which participates in
the regulation of systemic glucose homeostasis and metabolic
disease. Modulation of autophagy might lead to therapeutic
interventions for diseases associated with chronic inflam-
mation such as metabolic diseases.

Summary and Conclusions

Autophagy has originally been viewed as an adaptive re-
sponse to cellular stress, but in recent years this process was
shown to regulate important cellular processes. In adipose
tissue, autophagy is a key regulator of WAT and BAT adi-
pogenesis, and dysregulated autophagy impairs fat accumu-
lation both in vitro and in vivo. Furthermore, autophagic
regulation of mitochondrial clearance is important for the
conversion of beige fat into white fat, and it is also possible
that suppression of autophagy may be necessary to prevent
BAT whitening during obesity. What is still not so clear is the
role of autophagy in mature adipocytes beyond development.
Furthermore, is autophagy beneficial or detrimental to adi-
pocytes in a state of inflammation? More comprehensive
studies are needed to define cell type-specific contribution to
autophagy impairment in adipose tissue of obese humans and
animals. A careful characterization of autophagy function in
adipose tissue function postdevelopment and its role in in-
flammation and metabolic homeostasis can certainly lead to a
better understanding of obesity and its metabolic complica-
tions, and can help provide a rationale for targeting this
process for the treatment of obesity and metabolic diseases.
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52. Kosacka J, Kern M, Klöting N, Paeschke S, Rudich A,
Haim Y, Gericke M, Serke H, Stumvoll M, Bechmann I,
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B, Madar L, Shai I, Golan R, Harman-Boehm I, Schön
MR, Greenberg AS, Elazar Z, Bashan N, and Rudich A.
Altered autophagy in human adipose tissues in obesity. J
Clin Endocrinol Metab 96: E268–E277, 2011.

55. Kuma A, Hatano M, Matsui M, Yamamoto A, Nakaya H,
Yoshimori T, Ohsumi Y, Tokuhisa T, and Mizushima N.
The role of autophagy during the early neonatal starvation
period. Nature 432: 1032–1036, 2004.

56. Kuma A, Mizushima N, Ishihara N, and Ohsumi Y. For-
mation of the approximately 350-kDa Apg12-
Apg5.Apg16 multimeric complex, mediated by Apg16
oligomerization, is essential for autophagy in yeast. J Biol
Chem 277: 18619–18625, 2002.
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Abbreviations Used

AMPK¼ adenosine monophosphate-activated protein
kinase

ATGL¼ adipose triglyceride lipase
ATGs¼ autophagy related genes

ATP¼ adenosine triphosphate
BAT¼ brown adipose tissue
BMI¼ body mass index

Bnip3l¼Bcl2/adenovirus E1B-interacting protein 3-like
CL¼ cardiolipin

CNS¼ central nervous system
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Abbreviations Used (Cont.)

CREB¼ cAMP response element binding
DAG¼ diacylglycerol
DIO¼ diet-induced obesity
ER¼ endoplasmic reticulum

HFD¼ high-fat diet
iWAT¼ inguinal white adipose tissue

LDs¼ lipid droplets
LPS¼ lipopolysaccharides

MEF¼mouse embryonic fibroblast
mRNA¼messenger RNA
mTOR¼mammalian target of rapamycin

mTORC1¼mTOR complex 1
NE¼ norepinephrine
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PE¼ phosphoethanolamine
PI¼ phosphatidylinositol

PI3K3C¼ phosphatidylinositol-4,5-bisphosphate 3-kinase
Pink1¼ PTEN-induced putative kinase 1
PKA¼ protein kinase A

POMC¼ pro-opiomelanocortin
T2D¼ type 2 diabetes
Tfeb¼ transcription factor EB
TG¼ triglyceride

TLR¼ toll-like receptor
UCP¼ uncoupling protein

ULK1¼Unc-51-like kinase 1
WAT¼white adipose tissue
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