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Abstract

Recent work has revealed that autophagy plays a significant role in the process of white adipocyte differenti-
ation. In both in vitro and in vivo model systems, autophagy inactivation by targeted deletion of essential
autophagy genes results in alterations in white adipocyte structure. In both models, postdifferentiation cells
exhibit atypical morphology, with many small lipid droplets and large numbers of mitochondria, rather than the
single large lipid droplet and relatively few mitochondria observed in normal white adipocytes. The role of
autophagy as the primary means of the degradation of mitochondria has long been studied, and it is likely that a
deficiency in the degradation of mitochondria contributes to the unusual phenotypes observed in mice with
autophagy-deficient adipose tissue, including reduced adiposity, resistance to diet-induced obesity, and in-
creased insulin sensitivity. What is not yet known is whether the process of mitochondria-specific autophagy,
often referred to as ‘‘mitophagy,’’ is specifically induced during adipogenesis or if a general increase in the
nonspecific autophagic degradation of mitochondria plays a role in normal adipose differentiation. Despite
remaining questions, these findings not only establish the critical role of autophagy in white adipose tissue
development, but also suggest that the manipulation of autophagy in adipose tissue may provide novel ther-
apeutic opportunities for metabolic diseases. Antioxid. Redox Signal. 14, 1971–1978.

Introduction

In mammals, white adipose tissue (WAT) is traditionally
considered as a metabolically active storage depot for

lipids. In recent years, studies have unequivocally demon-
strated that WAT is an endocrine organ that contributes to
energy homeostasis not only through the storage and release
of lipids, but also by secreting adipokines that exercise ef-
fects on other tissues (12, 36). With the growing pandemic of
human obesity and its associated diseases, improving our
understanding of the development, function, and manipu-
lation of WAT has increased considerably in importance (5,
11, 21). The differentiation of white adipocytes is accompa-
nied by an initial increase in mitochondria biogenesis (51),
followed by a vast reduction in the number of mitochondria
in the cell. This review provides an overview of our un-
derstanding of the role mitochondria play in adipogenesis
and how autophagic degradation of mitochondria contrib-
utes to the normal differentiation of WAT. We also explore
the possibility of targeting autophagy in adipose tissue as a
novel intervention for the prevention and treatment of
metabolic diseases.

White Adipocyte Function and Structure

WAT was originally identified as a repository for excess
lipids within the body. While a wide variety of alternate tis-
sues can store varying amounts of lipids under the right cir-
cumstances, the bulk of lipid storage and release in adult
mammals is handled by WAT. The process by which this
occurs has been thoroughly explored and is well established
in the literature. In the simplest terms, an enzyme present on
endothelial cells known as lipoprotein lipase breaks down
triglycerides from blood-borne lipoproteins into free fatty
acids and glycerol. Adipocytes take up free fatty acids and
convert them back into triglycerides for long-term storage.
These triglycerides can be broken back down into fatty acids
and glycerol via lipolysis for release into the blood during
periods of energetic need. The processes of lipogenesis and
lipolysis are primarily regulated by the hormone insulin, al-
though a number of other factors may exercise influence on
the balance between fatty acid storage and release. The co-
ordinate regulation of lipolysis/lipogenesis contributes to
energy homeostasis within the organism in an environment of
unstable nutrition.
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Work in recent decades has revealed a more complex role
for WAT as an active endocrine tissue. Adipocytes assist in the
regulation of whole-body metabolism through the expression
of hormones like leptin and adiponectin (12, 17), as well assert
influence at the local level through the expression of cyto-
kines, such as inflammation-associated tumor necrosis factor
alpha and interlukin-6 (36). Collectively referred to as adi-
pokines, these active molecules regulate neurological activi-
ties such as appetite and behavior as well as metabolic
activities of peripheral tissues. This represents yet another
way in which WAT regulates whole-organism energy ho-
meostasis. There is a growing body of evidence suggesting
that the pathological aspects of obesity are due in large part to
the altered adipokine secretion profile exhibited by hyper-
plastic WAT (18).

Consistent with their function, white adipocytes possess a
unique and highly differentiated cellular structure. A typical
mature white adipocyte is often described as having an en-
gagement ring profile. When seen under a light microscope,
the cell is almost completely occupied by a single, large lipid
droplet, with the nucleus sandwiched between the droplet
and the cell membrane representing the diamond on the ring
(Fig. 1A, B). Electron microscopy reveals the presence of a
relatively small number of mitochondria distributed thinly
along the periphery of the cell, sandwiched like the nucleus
between the lipid droplet and the cell membrane (Fig. 1C).
This stands in stark contrast to brown adipocytes, in which
the ample cytoplasmic content is heavily interspersed with
mitochondria, other organelles, and a large number of small
lipid droplets.

The hallmark structure of the white adipocyte is the single,
large lipid droplet that serves as the reservoir for triglyceride
storage. This specialized structure contains a number of un-
ique membrane-associated structural proteins such as the
perilipins (4, 7, 19). These proteins assist in the genesis of the
lipid droplet and regulation of lipid transport in and out of
the lipid droplet. For example, the perilipin family proteins
play a key role in regulating the stability of the lipid droplet and
the control of basal and hormonally stimulated lipolysis (4).

White Adipocyte Differentiation

The precise cellular lineage of white adipocytes remains
uncertain at this time, but they are most likely derived from

mesenchymal stem cells (MSCs) (32, 37). It is generally be-
lieved that adipocyte differentiation occurs as a two-step
process. In the first step, pluripotent MSCs undergo a process
known as determination. This process, which is not yet thor-
oughly understood, results in fibroblast-like cells that appear
morphologically identical to pluripotent MSCs but are now
capable of differentiating into only adipocytes. As a result,
postdetermination MSCs are thereafter referred to as either
preadipocytes or adipoblasts.

The second stage of differentiation is the process of the
formation of the structurally distinct mature adipocyte from
the fibroblast-like preadipocyte and is commonly referred to
as adipogenesis. Extensive research using the preadipocytic
cell line 3T3-L1 has demonstrated that the process of adipo-
genesis is coordinately regulated by a network of transcrip-
tion factors in which peroxisome proliferator-activated
receptor gamma (PPAR-c) and CCAAT-enhancer binding
proteins (C/EBPs) play a central role (9, 14, 32, 35, 37, 38).
PPAR-c is of particular importance and is considered the
master regulator of adipogenesis as studies have shown that
upregulation of PPAR-c expression is both necessary and
sufficient to induce adipogenesis. The increased expression of
PPAR-c in adipoblasts sets in motion a complex cascade of
temporally controlled transcriptional events that result in the
morphological and biochemical changes that impart the
abilities necessary for a white adipocyte to function both as a
lipid storage vessel and as an endocrine organ. Importantly,
PPAR-c is required not only for the initiation of adipogenesis,
but also for the maintenance of the mature adipocyte (1, 15).

The Role of Mitochondria in WAT
Differentiation and WAT Function

Classic ultrastructural study of 3T3-L1 adipogenesis by
electron microscopy has elegantly recorded the changes in
mitochondrial morphology as well as their relative abun-
dance (29). Recent molecular studies have demonstrated the
dramatic changes in the components of mitochondria present
in adipocytes during the process of adipogenesis. Data ob-
tained from the two-dimensional polyacrylamide gel elec-
trophoresis analysis of mitochondrial protein expression
shows a 20- to 30-fold increase in abundance of these proteins
in the early stages of differentiation (51). Electron microscopy
studies of preadipocytes undergoing differentiation confirm

FIG. 1. The structure of normal white adipocytes. (A) Hematoxylin and eosin staining of mouse white adipose tissue. (B) A
section of normal white adipose tissue subjected to immunofluorescent staining with antibody against perilipin to observe
lipid droplets and DAPI staining to observe nuclei. (C) An electron microscopy picture of portions of white adipocytes. LD,
lipid droplet; arrows, mitochondria.
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the massive increase in the numbers of mitochondria present
in these cells beginning in early adipogenesis (51). This up-
regulation of mitochondria biogenesis appears to be coordi-
nated with the initiation of adipogenesis, as PPAR-c, as well as
other transcription factors closely associated with adipogen-
esis, like cAMP responsive element-binding protein (CREB),
C/EBP-a, estrogen-related receptor alpha (ERR-a), and the
gene expression coactivator PGC-1a, are involved in the
stimulation of both processes (36, 37).

The coordinated instigation of both adipogenesis and the
biogenesis of mitochondria suggest that mitochondria play an
important role in the differentiation and maturation of adi-
pocytes. This is due not only to the increased energetic needs
of the cell during differentiation, but also because only mito-
chondria can provide key substrates necessary to support the
massive lipogenesis during adipogenesis. Energetically, adi-
pocytic mitochondria are critical for adipogenesis. The dif-
ferentiating cells must generate enough ATP for one of the
most energy-consuming processes in the cell, the sustained
synthesis of fatty acids, in addition to producing ATP in
support of normal cellular activity. A second critical contri-
bution from the mitochondria for lipogenesis is providing
acetyl-CoA from glucose metabolism, the substrate for the
fatty acid synthesis. The conversion of the glucose metabolite
pyruvate to acetyl-CoA takes places exclusively in the mito-
chondrial matrix, catalyzed by a mitochondrial enzyme
complex known as the pyruvate decarboxylase complex, or
PDC. Finally, glycerol 3-phosphate, which is the substrate for
fatty acid esterification, is produced exclusively by the mito-
chondria and is needed for the packaging of lipids in the form
of triglycerides in the lipid droplet (10).

The number of mitochondria in mature white adipocytes is
significantly lower than that observed during the process of
differentiation. Figure 2A–C illustrates the changes in mito-
chondria number experienced by primary mouse embryonic
fibroblasts (MEFs) undergoing adipogenesis. Before the in-
duction of differentiation, the cells contain sparsely distrib-
uted mitochondria (Fig. 2A). As adipogenesis progresses,
there is a dramatic increase in mitochondria biogenesis. As a
result, mitochondria are heavily populated in almost every
region within the cytoplasm (Fig. 2B). As adipogenesis pro-
ceeds and the lipid droplets consolidate, the cytoplasmic area
containing mitochondria recede. The majority of mitochon-
dria are then clustered around the very few lipid droplets
within the cells and the number of mitochondria decreases
(Fig. 2C). Finally, as shown in Figure 2D, an electron micro-
scopic picture of WAT from mouse, mature white adipocytes
contain very few mitochondria compared to those cells still
undergoing the differentiation process (Fig. 2B). This decrease
in mitochondria content likely reflects the decreased need for
lipogenesis in the mature white adipocyte.

With the abundance of free fatty acids in adipocytes, it is
not surprising that one feature of WAT mitochondria is high
levels of fatty acid b-oxidation (13, 23), which provides an
important source of ATP to the mature adipocytes. In addi-
tion, the mitochondrial oxidation of free fatty acids by adi-
pocytes likely plays an important role in whole-body lipid
homeostasis control. Indeed, treatment with thiazolidine-
diones (a.k.a. glitazones), the drugs for treating dyslipidemia
and type II diabetes, are associated with increase of mito-
chondria number in adipocytes, which is believed to cause the
salutary effects of these drugs (51, 52).

FIG. 2. Dynamic alter-
ations in the number of mi-
tochondria observed in cells
undergoing adipogenesis.
Electron microscopy images of
primary mouse embryonic fi-
broblasts undergoing white
adipogenesis. (A) A cell before
differentiation, (B) a differen-
tiating cell in an early stage of
adipogenesis, and (C) a cell in
a late stage of adipogenesis.
(D) An electron microscopy
picture of mouse white adi-
pose tissue highlighting mito-
chondria and lipid droplets.
Mitochondria are denoted by
arrows; LD, lipid droplet.
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The Autophagic Degradation of Mitochondria
in WAT Differentiation

Similar to the differentiation of many other tissues in the
body, the WAT differentiation process involves the substan-
tial remodeling of progenitor cells to result in a tissue highly
optimized to serve its specific function. A unique aspect of
WAT differentiation, however, is the removal of the bulk of
the cytoplasmic contents, particularly the removal of excess
mitochondria, and their predominant substitution with a
single, large lipid droplet that occupies nearly the entire cy-
toplasmic space. This process of massive cellular remodeling
has not been well investigated.

Macroautophagy, commonly referred to simply as autop-
hagy, is a process by which cells degrade macromolecular
intracellular material via sequestration in a double-membrane
structure, known as an autophagosome, which then delivers
the enclosed material to a lysosome for degradation (20). The
molecular machinery of autophagy is highly conserved evo-
lutionarily from yeast to humans (25, 30). Key roles for au-
tophagy in a variety of pathophysiological conditions have
been identified, including immunity (27, 31), tumorigenesis
(20, 34, 53), programmed cell death (49), the selective degra-
dation of organelles (41, 56), aging (6), neurodegenerative
diseases (39), and the differentiation of erythrocytes and lens
(22, 40, 44). Autophagy has also been implicated in hepatocyte
lipid droplet formation (45), and global lipid metabolism (46).

Early morphological study using electron microscopy has
clearly documented the massive autophagy activation as well
as the engulfment of mitochondria by autophagosomes dur-
ing 3T3-L1 adipogenesis (29). Recent studies from our labo-
ratory (2, 55) and from the Czaja laboratory (47) have shown
that autophagy also plays an important functional role in the
process of adipogenesis. Several in vitro cell culture models
have now shown that when autophagic activity is inactivated
or reduced in adipocyte progenitor cells, they lose their ability
to differentiate into normal white adipocytes. One model that
illustrates this finding consists of primary MEFs obtained
from mice with the homozygous deletion of an essential
autophagy gene, atg5 (2). The Atg5 protein forms a conjugate
with the ubiquitin-like autophagy protein Atg12, and to-
gether they allow the normal formation of the autophago-
some (26). When stimulated to differentiate into white
adipocytes, the atg5 - / - MEFs used in this study failed to
complete the differentiation process, with the majority of cells
developing multiple small lipid droplets and then dying (2).
The wild-type cells, however, were capable of developing into
mature white adipocytes bearing a large unilocular lipid
droplet or large oligolocular lipid droplets without difficulty.
The findings in the atg5 - / - knockout model were recapitu-
lated in primary MEFs obtained from mice bearing the
homozygous deletion of a second critical autophagy gene,
atg7 (55). When atg7 - / - MEFs were stimulated to undergo
adipogenesis, the results were identical to those observed in
atg5 - / - MEFs.

Another study showed that when autophagy was elimi-
nated in preadipocytic 3T3-L1 cells either via a pharmacological
agent or via stable transfection with shRNA directed against
either atg7 or atg5, respectively, the autophagy-compromised
cells failed to accumulate as much triglyceride as their wild-
type counterparts (47). Further, measurements of 3T3-L1
proteins indicative of normal adipocytic differentiation were

reduced in the autophagy-compromised cells, indicating that
differentiation in these cells had been effectively blocked (47).

The inactivation of autophagy in adipose tissue in mice also
results in significant phenotypic change at both the tissue
and cellular levels (47, 55). Similar mouse models in which the
atg7 gene is conditionally knocked-out in adipose tissue in
mice were independently generated and characterized by
both the Jin and Czaja laboratories (47, 55). This was accom-
plished through the crossing of mice bearing a floxed atg7
gene with mice bearing the cre gene driven by the adipose-
specific ap2 (a.k.a. fatty acid binding protein 4) promoter. Both
groups reported that in these mutant mice, WAT mass was
significantly reduced when compared to wild-type litter-
mates. Histological examination revealed that the white adi-
pocytes in atg7 conditional knockout mice were generally
smaller in size than wild-type white adipocytes, and also
contained multiple small lipid droplets, a significant volume
of cytoplasm, and a much higher number of mitochondria
than was observed in normal WAT cells.

Additional metabolic changes were also observed in these
mutant mice. First, adipose-specific atg7 conditional knockout
mice display an increased sensitivity to insulin. Second, adi-
pose-specific atg7 conditional knockout mice are highly re-
sistant to high fat diet-induced obesity. Further, there are
decreased levels of blood triglycerides, cholesterol, and the
key metabolic adipokine leptin.

Among the structural alterations, the most significant
changes observed in the white adipocytes of adipose-specific
atg7 conditional knockout mice are the significantly increased
number of mitochondria present compared to the relatively
few mitochondria observed in normal WAT cells, and the
presence of multiple small lipid droplets rather than a single
large droplet. Mitochondria have been identified in autop-
hagosomes almost since the discovery of the autophagic
process, and since then the functional role of autophagy in
degrading mitochondria has been firmly established. Mor-
phological analysis and gene expression profiling data show
that autophagy-deficient adipogenesis initially follows a
normal path in which the biogenesis of mitochondria is up-
regulated to facilitate the differentiation process (51), but the
relatively few mitochondria present in normal mature white
adipocytes implies that considerable degradation of mito-
chondria takes place later in adipogenesis. The observed
massive accumulation of mitochondria in autophagy-deficient
cells thus provides direct experimental evidence supporting the
critical role of autophagy in mitochondria degradation during
adipogenesis as a means of regulating the total number of
mitochondria in mature adipocytes. However, it is not clear
whether the selective and specific degradation of mitochondria
via autophagy (mitophagy) or the nonselective process of
general autophagy is responsible for the clearance of excess
mitochondria during the process of white adipogenesis. Recent
literature supports a specific autophagy/mitophagy pathway
requiring that NIX is involved in the mitochondria clearance
during reticulocyte maturation (40, 44). It will be interesting to
test the involvement of this pathway or a similar selective
mitophagy pathway in adipogenesis.

Despite the clear-cut differences between the wild-type and
atg7 - / - adipose tissues, it is important to point out that a large
percentage (around 50%) (55) of white adipocytes in the
atg7 - / - adipose tissue appear normal morphologically. With
the exception of a drastic reduction in cell size, they are in-
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distinguishable from a wild-type mature white adipocyte.
These cells contain only a single large lipid droplet and their
cytoplasm occupies minimal space. One trivial explanation
for this observation is the incompletion of atg7 deletion, which
is dependent on Cre expression controlled by the aP2 pro-
moter, in white adipocytes. Alternatively, the observation ar-
gues the involvement of a complementary atg7-independent
degradation process. It remains to be determined if the re-
cently discovered atg5- and atg7-independent autophagy
pathway (28), which is implicated in reticulocyte maturation
(54), is a backup process for the atg7- and atg5-dependent
autophagy in white adipocyte differentiation.

One difference in observations between the adipose-
specific atg7 conditional knockout mouse studies is that while
Czaja’s group interpreted the altered phenotype of mutant
WAT to represent transdifferentiation from white adipocytes
to brown adipocytes as a result of atg7 deletion (47), our
group did not find that the mutant adipose tissue expressed
increased levels of the mitochondrial uncoupling protein
known as UCP1, which is the hallmark of brown adipose
tissue (55). Further work will be required to settle the issue of
whether or not autophagy deficiency leads to transdiffer-
entiation. Despite this minor difference, these independent
studies validate each other and confirm the belief that au-
tophagy plays a key role in the adipogenic process, particu-
larly through the control of mitochondria number and
function in mature white adipocytes.

Adipose-Specific Autophagy Inactivation
Improves Whole-Organism Metabolism:
Implications in Obesity and Type II Diabetes Treatment

As previously noted, whole-body metabolism changes
were observed in atg7 conditional knockout mice that may
have profound implications for interventions in obesity and
insulin resistance. First, adipose-specific atg7 conditional
knockout mice are highly resistant to high fat diet-induced
obesity. After several weeks of access exclusively to high-fat
food, wild-type mice increase their overall body mass and
their WAT mass significantly compared to those fed with a
normal, balanced diet. In contrast, both total body mass and
WAT mass of the mutant mice remain virtually identical to
those fed a normal diet (55). Second, adipose-specific atg7
conditional knockout mice display an increased sensitivity to
insulin, and there is no evidence of increased lipid accumu-
lation in nonadipose tissues throughout the body (55). This
stands in contrast to other models of reduced adipose tissue in
mice, in which abnormal fat accumulates in other tissues such
as muscles, liver, and heart, leading to decreased sensitivity to
insulin (42). Further, the mutant mice maintained decreased
levels of blood triglycerides and cholesterol. Finally, adipose-
specific atg7 conditional knockout mice were observed to
have a higher basal rate of physical activity than their wild-
type counterparts. When placed in an open-field test, the
mutant mice spent 300% more time in motion and traveled
*300% further than their wild-type littermates (55).

How the inactivation of autophagy in adipose tissue di-
rectly or indirectly improves whole-organism metabolism is
not yet fully understood. The current information supports
the working model illustrated in Figure 3A. First, the mutant
adipose tissue may influence peripheral tissue metabolism
through enhanced free fatty acid metabolism. Consistent with

the increased levels of mitochondria, the autophagy-deficient
white adipocytes exhibit increased fatty acid b-oxidation
rates (47, 55), which may be responsible for the observed
decreased fed plasma levels of free fatty acids in these mice
(55). Elevated plasma free fatty acid levels decrease insulin
sensitivity (3); therefore, the reduction of plasma free fatty
acids may be responsible for sensitizing peripheral tissues to
insulin in these mutant mice. Second, the mutant adipose
tissue may influence peripheral tissue metabolism through
the secretion of an altered profile of adipokines. In the
adipose-specific atg7 conditional knockout mice we observed
circulating leptin levels significantly lower than levels found
in wild-type mice, whereas adiponectin levels remained lar-
gely unchanged, indicating the profile of adipokine secretion
between the wild-type and mutant cells is different. It is
possible that the net result of changes to the adipokine profile
may lead to these beneficial metabolic outcomes.

Regardless of the exact mechanism by which it occurs, all of
the findings described thus far demonstrate that the inhibition
of autophagy can have an impact on adipose tissue develop-
ment and can significantly improve whole-body metabolism.
For this to be clinically significant, however, we must be able to
manipulate autophagy in adult human adipose tissue while
exposing the patient to minimal risk. Potential therapeutic in-
terventions are possible through the use of lipophilic pharma-
cological inhibitors of autophagy [e.g., hydroxychloroquine
(Fig. 3B), a drug approved by FDA for chronic use, which has
a large volume-of-distribution and is highly enriched 200- to
700- fold in lipophilic compartments versus plasma (16)]. In-
terestingly, a prospective, multicenter, observational, clinical
study suggests that hydroxychloroquine has effect in pre-
venting the development of type II diabetes (50). Currently, a
clinical trial is ongoing to test the effect of hydroxychloroquine
in preventing and treating metabolic syndrome by Clay
Semenkovich group at Washington University School of
Medicine on the ground that hydroxychloroquine inhibits
ATM (43). The outcomes of this trial will be very exciting, and
apparently the contribution of autophagy inhibition by hy-
droxychloroquine to the outcomes should also be examined.

Another potential therapeutic approach to achieve adipose
tissue-specific inactivation of autophagy is through ex vivo
manipulation of adipose stromal cells (adipose stem cells)
(Fig. 3C). Adipose tissue contains a pool of stromal cells that
exhibit preadipocyte characteristics (24). They can be easily
isolated from the adipose tissue of adult subjects, propagated
and genetically manipulated in vitro (ex vivo), and induced to
differentiate into adipocytes. The resulting cells, which are
terminally differentiated and genetically altered adipocytes,
can then be autologously transplanted back to the same indi-
vidual. The safety of the autologous adipose tissue transplan-
tation, which is routinely performed in plastic surgery, is well
established (8). In theory, by ex vivo manipulation of adipose
stromal cells followed by induction of adipocyte differentia-
tion and autologous transplantation, we can safely create
autophagy-compromised adipose tissue in obesity and diabetic
patients. This makes the cell-based therapeutic strategy ap-
pealing. Future research in these areas is warranted.

Future Directions

The discovery of the involvement of the autophagic deg-
radation of mitochondria in WAT development could have
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wide-reaching implications for both basic and clinical re-
search. On the basic research side, it would be of great interest
to investigate how the PPAR-c transcriptional network coor-
dinately regulates autophagy activation. In addition, it would
be interesting to determine whether and how mitochondria
are selectively and specifically degraded through mitophagy
during adipogenesis. From the clinical research side, these
studies have discovered a novel way to manipulate white
adipocyte structure, leading to an increase in the number
of mitochondria and enhanced mitochondrial function in
autophagy-compromised adipose tissue. In turn, altered
adipose tissue improves metabolic features by reducing adi-
posity and increasing insulin sensitivity. It is clear that human
adult adipose tissue undergoes significant turnover (33, 48). It
is imperative for future studies to experimentally test whether
or not the inactivation of autophagy in the adipose tissue of
adult animals has salutary effects in preventing or treating
obesity and insulin resistance. Moreover, elucidating the
molecular mechanism by which autophagy-compromised
adipose tissue improves whole-body metabolism will be an
exciting exercise. By addressing these questions we expect
to gain mechanistic insight into the interaction between
autophagy and adipogenesis, hopefully providing us with
the possibility of discovering a novel approach for prevent-
ing and treating the many metabolic diseases associated
with WAT.
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