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In mammals, adipose tissue, composed of BAT and
WAT, collaborates in energy partitioning and per-
forms metabolic regulatory functions. It is the most
flexible tissue in the body, because it is remodeled in
size and shape by modifications in adipocyte cell size
and/or number, depending on developmental status
and energy fluxes. Although numerous reviews have
focused on the differentiation program of both brown
and white adipocytes as well as on the pathophysio-
logical role of white adipose tissues, the importance
of mitochondrial activity in the differentiation or the
dedifferentiation programs of adipose cells and in sys-
temic metabolic alterations has not been extensively
reviewed previously. Here, we address the crucial role
of mitochondrial functions during adipogenesis and in
mature adipocytes and discuss the cellular responses of
white adipocytes to mitochondrial activity impairment.
In addition, we discuss the increase in scientific knowl-
edge regarding mitochondrial functions in the last 10
years and the recent suspicion of mitochondrial dys-
function in several 21st century epidemics (ie, obesity
and diabetes), as well as in lipodystrophy found in
HIV-treated patients, which can contribute to the de-
velopment of new therapeutic strategies targeting adi-
pocyte mitochondria. (4m J Patbol 2009, 175:927-939;
DOI: 10.2353/ajpath.2009.081155)

Adipocytes and, more generally, the adipose tissues
are major actors in both obesity and the emergence of
a cluster of associated diseases such as insulin resis-
tance and type 2 diabetes mellitus (T2DM), cardiovas-
cular diseases, hypertension, dyslipidemia, and even
some cancers. Obesity and diabetes are now recognized

as worldwide epidemics,” with 1.6 billion people being
overweight, of which 400 million are obese (body mass
index =30) (World Health Organization, Geneva 2006).

Attention for adipocytes has increased ever since it
has been found that these differentiated cells are not only
able to store and release triglycerides (TGs) but also
have an important endocrine activity. Indeed, adipocytes
secrete “adipokines” (specific hormones and proinflam-
matory cytokines) to communicate systemically with other
cell types and thus, importantly, contribute to the regula-
tion of energy homeostasis.? Adipose tissue is present
in different interacting depots in the body. In addition
to white adipose tissue (WAT), brown adipose tissue
(BAT) can also be distinguished.® Although BAT orig-
inates from the myogenic lineage,* it shares many fea-
tures of WAT that are discussed in this review. Because
WAT is by far the largest depot in humans and, as a
metabolically active, lipid storage and endocrine organ,
its proper functioning is essential for health maintenance
and is of primary importance for pharmaceutical and food
industries.

A better understanding of the mechanisms involved in
adipocyte differentiation, dedifferentiation (defined as the
acquisition of a more primitive phenotype and gain of cell
proliferative ability)® and even trans-differentiation (a pro-
cess related to reversion of one cell phenotype into an-
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other, ie, from white to brown adipocytes,®” which is still
poorly experimentally documented), is required to un-
ravel mechanisms underlying obesity and its symptom-
atic cohort of associated pathologies. This understanding
may be used to develop new, original, and more effective
therapeutic approaches that directly target intracellular
pathways in adipocytes. Although the adipocyte differen-
tiation program,® as well as the activity/function and dys/
malfunction of the endoplasmic reticulum (which play an
important role in the adipocyte physiology) have been
recently reviewed,® the role of mitochondrial activity or
dysfunction during preadipocyte differentiation and its
consequences in mature adipocytes has hardly been
addressed. Subcutaneous and visceral WATs have a
different metabolic activity, depending on their anatomi-
cal position and mitochondrial content: epididymal (in the
visceral depot) adipocytes are richer in mitochondria
than inguinal (s.c.) adipocytes.'® In addition, mitochon-
dria play a key role in physiological processes and are
involved in the pathology of many diseases."" In compil-
ing knowledge on mitochondria in the context of adipose
tissue, we hope to stimulate thoughts in regards to the
impact of mitochondrial activity in adipocyte biology, the
effects of mitochondrial dysfunction/stress on adipo-
cytes, and the subsequent alterations of systemic meta-
bolic functions.

Mitochondlria in Cell Function

Mitochondria are usually described as the “powerhouse
unit” of the cell, because they contain the molecular
machinery that governs many distinct metabolic path-
ways by which chemical energy (coming from carbohy-
drates, lipids, and proteins) is converted into ATP. In-
deed, it is in this organelle that pyruvate oxidation, fatty
acid B-oxidation, the tricarboxylic acid (TCA) cycle, and
oxidative phosphorylation (OXPHOS) take place.'® The
essential role of mitochondria in bioenergetic aspects of
the cell is supported by the dynamics of this organelle,
which is controlled by fusion and fission events.' In
addition, eukaryotic cells have the ability to initiate adap-
tative responses to different environmental stimuli, such
as modifications in energy demands, cell growth, cell
death/stress or cell differentiation, by altering the number
of mitochondria (enhanced or reduced mitochondrial bio-
genesis), changing their morphology, or remodeling the
organization and distribution of mitochondria within the
cell.™

Mitochondrial Biogenesis in Adipogenesis

Itis thus understandable that the “mitochondrion” (a word
referring to the network and the ultrastructure of the or-
ganelle) is also dramatically affected during adipocyte
differentiation. Indeed, undifferentiated adipoblasts un-
dergo numerous and radical events, and the acquisition
of the adipocyte phenotype is characterized by chrono-
logical and sequential changes in the activity of several
transcription factors such as cAMP responsive element-
binding protein (CREB), CCAAT/enhancer-binding pro-

tein (C/EBP) family members, and peroxisome prolifera-
tor-activated receptor y (PPARwy), which control the
expression of numerous genes encoding proteins and
effectors involved in TG accumulation and other charac-
teristics of differentiated adipocytes.' The activity of the
different transcription factors is sequentially turned on,
and their transcriptional activation usually requires the
participation of PPARy coactivator 1 (PGC-1) and related
proteins, major coactivators of nuclear receptors that
regulate several components of energy metabolism in-
volved in both adipogenesis and mitochondrial biogene-
sis.'® The fact that the transcription factors PPAR+y, C/EBPq,
CREB, and estrogen-related receptor a (ERRa)'” and the
gene expression coactivator PGC-1a'® are induced in
the control of both adipogenesis and mitochondrial bio-
genesis is a strong argument that supports coordination
between the biogenesis of the organelle and energetic
balance (Figure 1).

In addition, a huge increase in the expression and/or
abundance of numerous mitochondrial proteins is detect-
able in vitro in differentiating 3T3-L1 adipocytes within 4
days after induction of the differentiation program, and
the enhanced biogenesis of the organelle is sustained up
to 10 days postdifferentiation. The de novo mitochondrial
biogenesis found during 3T3-L1 adipogenesis is accom-
panied by the remodeling of mitochondrion, ie, qualitative
changes in mitochondrial composition as pyuvate car-
boxylase, aconitase, and enzymes involved in fatty acid
metabolism, such as acyl-CoA synthetase and various
forms of acyl-CoA dehydrogenase, are only expressed in
adipocyte mitochondria.'® Besides, the increase in the
basal rate of oxygen consumption in adipocytes com-
pared with preadipocytes is a clear manifestation of an
increased mitochondrial biogenesis during the adipo-
genic process. 822

Moreover, mitochondrial biogenesis during adipogen-
esis is thought to be a necessary adjustment, because
the adipocyte differentiation program requires large
amount of ATP when cells become fully metabolically
active. More specifically, although biogenesis of mito-
chondria is stimulated during the differentiation pro-
gram, ATP content decreases as a negative balance
between production and consumption by high ATP-
consuming processes such as lipogenesis.'® Further-
more, the connection between mitochondrial biogene-
sis, organelle function and adipocyte differentiation is
best supported by treatment of adipocytes with rosigli-
tazone, a potent PPAR+y agonist that causes significant
alterations in mitochondrial density and morphology,
suggesting that nucleus-encoded mitochondrial genes
may be under the control of the adipogenic transcrip-
tion factor PPARy.2?

Mitochondria in Lipogenesis and Lipolysis

The mitochondria might play a critical role in lipogen-
esis by providing key intermediates for the synthesis of
TGs. More particularly, adipocytes must generate glyc-
erol 3-phosphate at a sufficient rate to sustain TG
synthesis; this generation is covered by a glyceroneo-
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Figure 1. Main mitochondrial functions in adipocytes. Pyruvate derived from glucose by glycolysis in the cytosol is converted, after uptake, into acetyl-CoA in
the matrix. Acetyl groups pass out of the mitochondrion as citrate; in the cytosol, acetyl-CoA is released for fatty acid synthesis eventually esterified TGs.
Oxaloacetate is reduced to malate, which returns to the mitochondrial matrix and is converted to oxaloacetate, a TCA cycle intermediate. Alternatively, free fatty
acids are taken by the carnitine-palmitoyl-transferase-1 (CPT-1) complexes into the mitochondrial matrix and are oxidized to yield acetyl residues in the form of
acetyl-CoA in a process called fatty acid B-oxidation. The acetyl groups are oxidized to CO, via the TCA cycle. Electrons derived from oxido-reduction reactions
are finally accepted by O,. The energy is retrieved as an electrochemical proton gradient used as the driving force for ATP synthesis. Besides, the coactivator
PGCl-a contributes to both mitochondrial biogenesis in adipocytes and adipogenesis itself by activating specific transcription factors involved in the expression
of nuclear genes encoding mitochondrial proteins and/or adipogenic markers. Both mitochondrial proteins and transcription factors such as mitochondrial
transcription factors A and B (mtTFA and mtTFB) are imported into mitochondria by translocase outer membrane/translocase inner membrane (TOM/TIM)
complexes: mtTFA and mtTFB being specifically involved in mtDNA replication. Increased mitochondrial biogenesis goes along with both an enhance ATP
production and lipogenesis, whereas lipolysis is inhibited during adipocyte differentiation. OMM, outer mitochondrial membrane; IMS, intermembrane space;

IMM, inner mitochondrial membrane.

genic pathway and mitochondrial anaplerosis.?324 In

addition, the generation of acetyl-CoA for fatty acid
activation and synthesis before their esterification into
TGs also requires an abundant mitochondrial popula-
tion. Indeed, whereas the activation of long-chain fatty
acids is shared with the endoplasmic reticulum, the
mitochondrial matrix is the only place where medium-
chain fatty acid activation occurs. Moreover, the outer
mitochondrial membrane is also a site for phospholipid
synthesis.?®

Besides its role in lipogenesis, mitochondria of WAT
also seem to be involved in the regulation of lipolysis.
Indeed, in numerous cell types including adipocytes,
fatty acids resulting from lipolysis are oxidized by the fatty
acid B-oxidation cycle into the mitochondrial matrix com-
partment. This fatty acid oxidation constitutes an impor-
tant source of energy for ATP production when energy
needs increase. On the other hand, it has been long
known that a decrease in intracellular ATP in white adi-
pocytes induced by uncouplers or inhibitors of the mito-
chondrial respiratory chain can inhibit the lipolysis stim-
ulated by catecholamines.?® Furthermore, lipolysis is now
accepted to be a metabolic pathway that depends on the
energy status of adipocytes as the activation of AMP-

activated protein kinase, a central intracellular molecular
sensor of energetic stress, can decrease the lipolysis
stimulated by agonists of p-adrenoreceptors.?” These
data sets clearly show a direct link between lipolysis and
the functional state of mitochondrial OXPHOS system in
white adipocytes.

Taken together, these data support the thesis that a
reorganization of the mitochondrial population, its mor-
phology, and abundance occurs during adipogenesis
and is necessary to cover energy needs and lipid metab-
olism during the differentiation program. Consequently,
because of numerous and key functions played by mito-
chondria during adipogenesis, impaired mitochondrial
activity within preadipocytes and/or mature adipocytes
could alter the physiology of WAT and thus might be
reflected at the system level by affecting the molecular
communication between adipocytes and other tissues
such as muscle, liver, and brain.?®

The Impact of Mitochondrial Dysfunction

Mitochondrial dysfunction could result in acute cellular or
systemic disruption, leading to the development of pa-
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thologies. Since mitochondrial proteins are encoded by
both the mitochondrial DNA (mtDNA) and the nuclear
DNA, mitochondrial diseases may thus result from muta-
tions in both nuclear and mitochondrial genomes.?° It is
well established that the mitochondrial genome displays
a very high mutation rate (10 to 20 times higher than
nuclear genome) because of the proximity of sites of
reactive oxygen species (ROS) production, a histone-free
packaging of DNA in nucleoids, and a less active and
lower diversity in DNA repair enzymes.*°

The major tissues affected by mitochondrial dysfunc-
tion are tissues with a high energy demand such as the
brain, heart, muscles, and endocrine glands.®' In the
past few years, it has been shown that reduced mito-
chondrial density and oxidative metabolism in various
tissues is an early event in the complications that are
associated with obesity,3?73° a phenomenon observed in
both humans and rodents. Besides mitochondrial in-
volvement in energy state deficiency-associated dis-
eases, the malfunction of the organelle might also play a
major role in pathologies that show modifications of lipid
metabolism and/or energy partitioning.

Indeed, a clear link between mitochondrial dysfunction
and type | diabetes has been established; patients with
mitochondrial diabetes often harbor mutations or dele-
tions in mtDNA of pancreatic B-cells that lead to a defec-
tive insulin secretion, cell apoptosis, and eventually, a
decrease in B-cell mass.®® A strong argument supporting
a crucial role of mitochondrial dysfunction in T2DM in vivo
is the fact that insulin resistance is often observed in
elderly people with reduced OXPHOS activity as well as
in obese individuals with increased risk for T2DM, which
is supposed to be caused by high plasma free fatty acid
concentrations.®” Indeed, in adipocytes as in skeletal
muscle, mitochondrial activity impairment is usually as-
sociated with reduced fatty acid B-oxidation, leading to
an increase in cytosolic free fatty acid that alters glucose
uptake.?®3¢ Central obesity accompanied by diabetes
and hypertriglyceridemia with insulin resistance are also
common features found in patients with nonalcoholic ste-
atohepatitis, who suffer from mitochondrial injury charac-
terized by increased lipid peroxidation, alterations in the
mitochondrial ultrastructure, depletion in mtDNA, and low
OXPHOS activity.®®

Moreover, impaired mitochondrial activity has been
reported for HIV-treated patients with highly active anti-
retroviral therapy (HAART) leading to lipodystrophy (ec-
topic fat storage). These metabolic complications in-
duced by HAART are brought together in lipodystrophy
syndrome, which is associated with peripheral lipoatro-
phy and an increase in the amount of visceral WAT and
often accompanied by glucose homeostasis abnormali-
ties and insulin resistance.®® A similar phenotype is also
observed in old age. Of interest, engineered mice carry-
ing a proof-reading-deficient version of POLyA, the nu-
cleus-encoded catalytic subunit of mtDNA polymerase,
develop a mtDNA mutator phenotype associated with
reduced lifespan and premature onset of aging-related
phenotypes, such as reduced s.c. fat and increased lipid
accumulation in nonlipid tissues.*°

Mitochondrial Dysfunction in Preadijpocytes

Interestingly, CREB, an ubiquitous transcription factor
involved in numerous cellular functions such as cell sur-
vival, proliferation, and differentiation as well as glucose
and lipid metabolism,*"“#? is a gene expression regula-
tor that is activated in response to impaired mitochon-
drial activity in different cell lines such as L929, 143B,
and PC12 cells.*>%® In 3T3-L1 preadipocytes, mito-
chondrial OXPHOS inhibitors as well as mitochondrial
protein synthesis inhibitors impair respiration, leading to
TG accumulation.® Surprisingly, mitochondrial uncou-
plers such as FCCP (carbonyl cyanide p-trifluoromethoxy
phenylhydrazone) do not induce TG accumulation in
these cells, suggesting that different signaling path-
ways or second messengers are activated, depending
on the type of mitochondrial alterations. Although TGs
accumulate in preadipocytes treated with OXPHOS in-
hibitors, a process that might be induced by free fatty
acid (re)esterification into TGs in the cytosol of cells
that display impaired mitochondrial activity, they main-
tain a fibroblast phenotype and do not acquire adipo-
genic markers*®4” (Figure 2).

In addition, a role for CREB in TG accumulation has
been demonstrated in both preadipocytes submitted to
mitochondrial OXPHQOS inhibitors as well as in the 3T3-L1
adipogenesis process.*”*® Specifically, one CREB-tar-
get gene, glycerol-3-phosphate dehydrogenase, mito-
chondrial (GPDmit), has been identified in the control of
TG synthesis and/or storage as GPD/~ mice display a
reduction in adiposity and body weight.*® Although these
studies show a response to a mitochondrial dysfunction
in preadipocytes, further studies would be needed to fully
address the specificity of the response to mitochondrial
dysfunction.

Mitochondrial Dysfunction in Adipocyte
Differentiation

During preadipocyte differentiation, the TCA cycle gen-
erates reducing equivalents such as NADH and flavin-
adenine dinucleotide, which feed the mitochondrial re-
spiratory chain, and achieves the complete oxidation of
mitochondrial acetyl-CoA, a crucial metabolite generated
from glucose, fatty acids, and ketogenic amino acids
catabolism. Specific inhibitors of mitochondrial di- and
tri-carboxylate carriers of TCA intermediates also in-
hibit fat accumulation in 3T3-L1 preadipocytes. There-
fore, as expected, the citrate export from mitochondria
is essential at an early differentiation stage for effective
adipogenesis.®°

Mitochondrial ROS generated by the respiratory chain,
and thus indirectly associated with the status of mito-
chondrial activity, are at low concentrations considered
as secondary messengers, playing a role in cell sig-
naling inside and outside mitochondria.'® However, at
high concentrations, ROS have been reported to exert
many detrimental effects on adipoblast proliferation
and differentiation.®"°2 Particularly, an increase in
ROS production induced by inhibitors of complex I,
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Figure 2. Comparative effects of mitochondrial
dysfunction in preadipocytes and in adipocytes. In
preadipocytes, mitochondrial dysfunction induced
by different factors such as hypoxia or mitochon-
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complex lll, and FO-F1 ATP synthase (such as rote-
none, antimycin A, and oligomycin, respectively) has
been demonstrated to inhibit the proliferation of 3T3-L1
preadipocytes without inducing necrosis or apoptosis®?
and to prevent 3T3-F442A preadipocyte differentiation.®’
Moreover, 3T3-F442A preadipocytes submitted to hyp-
oxia demonstrate a hypoxia-dependent inhibition of adi-
pocyte differentiation mediated by hypoxia-inducible
ROS generation and hypoxia-inducible factor-1a-inde-
pendent CHOP10/GADD153 induction.®" In three related
articles,®® %% it was shown that mitochondria integrate
oxygen sensing, ROS production, and hypoxia-inducible
factor signaling. Together, mitochondrial ROS, by modu-
lating the number of the white preadipocyte pool and by
inhibiting adipogenesis, might influence and limit the de-
velopment of adipose tissue.

A large body of evidence supports the importance of
the mitochondrial activity status in lipid metabolism. Con-
sequently, it is tempting to target mitochondrial dysfunc-
tion in adipocytes to control adipose tissue function. Both
in vitro and in vivo models have been developed to study
how mitochondrial alterations can affect lipid metabolism
in adipocytes and to determine their impact on other
tissues.

Mitochondrial Dysfunction in Glucose and Lipid
Metabolism

It is now well accepted that adipocytes act as integrators
and regulators of food intake and energy expenditure by
both endocrine and nonendocrine mechanisms.® Adi-
ponectin, a hormone exclusively synthesized and secreted
by adipocytes, improves insulin action and sensitivity. In-
terestingly, in obese db/db mice, both adiponectin ex-

pression and mitochondrial content are reduced, and
these effects can be reverted by rosiglitazone, a
PPARy agonist with antidiabetic action.®® In murine
adipocytes, it has also been reported that the stimula-
tion of mitochondrial biogenesis mediated by the over-
expression of nuclear respiratory factor-1 also leads to
enhance adiponectin synthesis. Moreover, mitochondrial
dysfunction increases endoplasmic reticulum stress and
reduces adiponectin transcription by a pathway depend-
ing on the activation of c-Jun-NH,-terminal kinases and of
activating transcription factor-3,%¢ which may explain the
lower plasma adiponectin concentration found in obese
patients.

Experimental evidence tends to incriminate the mal-
function of adipose mitochondria in obesity and T2DM.
Indeed, the abundance of the mitochondrial population is
lower (approximately 50% less) in white adipocytes de-
rived from epididymal fat pads of ob/ob mice when com-
pared with related fat cells from age-matched C57BL/6J
mice.?®> Moreover, several pieces of evidence link the
effects of the PPARy agonist rosiglitazone to mitochon-
drial modifications in white adipocytes of obese mice.??
Interestingly, rosiglitazone triggers mitochondrial biogen-
esis in white adipocytes from ob/ob mice, a process
accompanied with remodeling of mitochondria shape
and size. Furthermore, the abundance of numerous gene
transcripts (about 50%) encoding mitochondrial proteins
is decreased with the onset of obesity, as revealed by
whole transcriptome studies on white adipocytes from
ob/ob mice, whereas half of those genes were found to
be up-regulated after a treatment with rosiglitazone.??
These modifications in nuclear gene expression encod-
ing mitochondrial proteins do have a functional impact,
because white adipocytes from ob/ob mice treated with
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rosiglitazone display enhanced oxygen consumption and
increased palmitate oxidation.??

The expression of genes encoding mitochondrial pro-
teins has also been systematically analyzed using mi-
croarray technology in adipocytes of two different mouse
models for obesity and type 2 diabetes: the genetic
model db/db mice and the dietary high-fat fed C57BL/6
(HFD) mice.®” The expression of genes involved in mito-
chondrial ATP production or energy uncoupling as well
as those genes encoding mitochondrial ribosomal pro-
teins, outer and inner membrane translocases, and mito-
chondrial heat-shock proteins were found to be down-
regulated in HFD and db/db mice when compared with
standard-fat diet-fed control and db/+ mice, respec-
tively. The expression of nuclear receptors ERRa and
PPARa is also suppressed in HFD and db/db mice. The
transcription of PGC-18°2 is suppressed in the inguinal
fat in both HFD and db/db mice, whereas PGC-1a was
found to be only suppressed in db/db mice and not
influenced by diet.5” Interestingly, as with rosiglitazone-
treated ob/ob mice, half of the down-regulated genes
encoding mitochondrial proteins in db/db mice could be
induced by rosiglitazone treatment. This reaction was
accompanied by an increase in mitochondrial mass and
modifications in mitochondrial structure.®” In conclusion,
mitochondrial biogenesis seems to be highly compro-
mised in adipose tissue from HFD and db/db mice mod-
els, a process that can be improved by rosiglitazone.

Another thiazolidinedione, pioglitazone, has also been
reported to stimulate mitochondrial biogenesis through
PGC-1a and to increase fatty acid g-oxidation in s.c. fat
cells from diabetic patients.®® The expression of PGC-1a
is also reduced in the adipose tissue of morbidly human
obese individuals, arguing for a role of PGC-1a« in obesity.3°
Finally, a major role for these coactivators in adipogenesis
and biogenesis of mitochondria is supported by the fact that
a deficiency of both PGC-1a and PGC-18 causes a total
loss of differentiation-linked mitochondrial biogenesis and
mitochondrial respiration.®®

A systemic oxidative stress has been reported in both
human obese individuals and diabetic obese KKAy mice.
Indeed, increased ROS production has been found in
adipose tissue of three mouse models of obesity: KKAy,
diet-induced obesity (DIO), and db/db mice, and associ-
ated with the overexpression of NADPH oxidase and
repression of antioxidative enzymes such as superoxide
dismutase 2, glutathione peroxidise, and catalase.®’
These observations suggest that the oxidative stress in
obese individuals could be the result of stronger ROS
production in the mitochondria of fat cells. Indeed, oxida-
tive stress in murine 3T3-L1 adipocytes down-regulates the
expression of PPARy and adiponectin expression/secretion
but up-regulates the expression of proinflammatory adipo-
kines such as plasminogen activator inhibitor-1, IL-6, and
monocyte chemotactic protein-1, suggesting that treatment
with antioxidants or inhibitors of ROS production might re-
store the dysregulation of adipokine balance observed in
obesity.®"

Moreover, endothelial nitric oxide synthase expression
is down-regulated; this process is accompanied by a
slower rate of mitochondrial biogenesis in metabolically

active tissues such as WAT, BAT, and muscle in three
animal models of obesity: ob/ob mice, fa/fa rats, and DIO
mice.®? Surprisingly, the genetic deletion of tumor necro-
sis factor a (TNFa) receptor-1 restored endothelial nitric
oxide synthase expression and mitochondrial biogenesis
and function in fat tissue of obese mice.®? Cultured white
and brown adipocytes as well as muscle satellite cells of
mice treated with TNFa also exhibit a reduction in endo-
thelial nitric oxide synthase expression and mitochondrial
biogenesis. Together, these data imply that TNFa inhibits
endothelial nitric oxide synthase expression and impairs
mitochondrial biogenesis and function in metabolically
active tissues of obese rodents.®® Besides, TNFa is a
proinflammatory cytokine that is highly expressed and
secreted in adipose tissue from obese type 2 diabetics,®>
a condition associated with decreased expression of the
OXPHOS genes in visceral adipose tissues. Interestingly,
TNFa treatment also resulted in down-regulation of OX-
PHOS gene expression in preadipocytes of healthy indi-
viduals.®* Altogether, these data suggest an important
role for TNFa in impaired OXPHOS of visceral adipose
tissue during the development of type 2 diabetes.

Genetic Models of Obesity Resistance

Clues to the molecular mechanisms that may lead to an
increase in fat accumulation and obesity in adipocytes
have been obtained with the C/EBPa-null mice.®® These
mice are lean and exhibit markedly reduced fat storage in
WAT and do not develop hyperlipidemia or fatty liver,®° a
process associated with a specific enhancement of mi-
tochondrial biogenesis in white fat cells.5”°

A role in energy homeostasis and adipogenesis has
also been suggested for receptor-interacting protein 140,
which regulates of transcriptional activity of both ligand-
activated and orphan nuclear receptors.®” In 3T3-L1 adi-
pocytes, receptor-interacting protein 140 down-regulates
the expression of a cluster of genes involved in glucose
uptake, glycolysis, TCA cycle, fatty acid B-oxidation, mi-
tochondrial biogenesis, and OXPHOS.29%® The positive
action of this protein on metabolism is clearly supported
by receptor-interacting protein 140-null mice, which are
lean, exhibit resistance to high-fat DIO, and have glucose
tolerance and relatively normal insulin sensitivity.®

The capacity of uncoupling proteins (UCPs) to regulate
basal metabolic rate has provided options for obesity
treatment. To determine whether enhanced energy dissi-
pation in WAT could reduce obesity, transgenic mice
have been generated in which the UCP-1 gene is con-
trolled by the fat-specific aP2 promoter allowing in-
creased expression in both BAT and WAT.® These trans-
genic mice exhibit partial resistance to age-related
obesity, induced genetically or by a high-fat diet, as
reflected by a lower accumulation of TG in all fat depots,
except in gonadal fat.®®7° However, ubiquitously ex-
pressed UCP-2 and muscle-expressed UCP-3 do not
appear to play a major role in thermogenesis and mito-
chondrial uncoupling, because mice with genetic abla-
tion of these UCP isoforms display normal response to
cold, normal basal proton conductance and have normal



body weight.”" Nevertheless, UCPs collectively are re-
garded as playing an important role in mitochondrial
function, mainly through regulation of heat and/or ROS
production.”?

Several models of obesity resistance induced by trans-
genic modifications in adipose tissue or muscle exhibit
the same behavior, indicating a strong systemic defense
against weight loss in lean organisms. More specifically,
RIIB cAMP-dependent protein kinase (PKA) knockout
mice appear healthy but have markedly diminished WAT
despite normal food intake and are protected against
DIO and fatty livers.”® Heterozygous PPARy-deficient
mice are protected from the development of insulin resis-
tance under a high-fat diet because of adipocyte hyper-
trophy and overexpression and high secretion of leptin,”*
an adipokine that controls food intake and energy ex-
penditure and has many effects on the regulation of
preadipocyte proliferation, thermogenesis, and lipoly-
sis.”* Transgenic mice overexpressing the B1-adrener-
gic receptor in adipose tissue are also partially resistant
to DIO because of the stimulation of lipolysis and the
accumulation of brown fat cells.”® Similarly, transgenic
mice that overexpress of the transcription factor FOXC2
in WAT are lean and resistant to DIO. This is due, in part,
to an increased lipolysis in response to an increase in
catecholamine-induced cAMP production and a lower
threshold for protein kinase A activation. These pro-
cesses involve both an increase in the expression of
B-adrenergic receptors and a decrease in the expression
of cAMP-specific phosphodiesterases.”®"”

HIV Treatment-Dependent Lipodystrophy

As a key organelle in adipocyte differentiation, impairment
of mitochondrial activity can explain, at least partially, adi-
pose tissue perturbations in HAART treatment-associated
lipodystrophy syndrome patients.”® Moreover, increased
ROS production has been reported in adipose tissue of
HAART treatment-associated lipodystrophy syndrome
patients.”® Prevention of adiponectin release by chronic
oxidative stress is consistent with the low adiponectin
levels found in HAART treatment-associated lipodys-
trophy syndrome patients.”®~®" Interestingly, the nu-
cleoside and nucleotide reverse transcriptase inhibitor
drugs such as stavudine and zidovudine that cause
mtDNA depletion, also decrease lipid content, mito-
chondrial activity, and adipocyte survival in murine ad-
ipose cell types, 3T3-F442A and 3T3-L1.82 In addition,
treatment of adipocytes with uridine, which averts mito-
chondrial dysfunction, prevents nucleoside and nucleo-
tide reverse transcriptase inhibitor-induced impairment in
adipocyte differentiation®® and improves lipodystrophy,
ie, increase s.c. fat mass in lipoatrophic HIV-infected
patients during unchanged HAART.®* Interestingly, tox-
icity of nucleoside and nucleotide reverse transcriptase
inhibitor antiretroviral drugs has been reported to have
opposite effects in adipose cells depending on the ox-
ygen availability, suggesting that lipodystrophy pheno-
type in HAART treatment-associated lipodystrophy
syndrome patients might depend on the metabolic sta-
tus of the targeted adipose tissue.®®
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Adipocytes as Drug Targets against Obesity

The growing understanding of the relation between fat
mass and different physiological and pathophysiological
processes makes adipocytes a potential pharmacologi-
cal drug target for treatment of obesity and diabe-
tes.86-88 Possible new therapies may target proliferation
and/or differentiation of preadipocytes, induction of ded-
ifferentiation and apoptosis of adipocytes, vasculariza-
tion of adipose tissue, regulation of lipid metabolism,
control of adipokines release, mitochondrial energy dis-
sipation, and the production of ROS by adipocytes.” As
this review focuses specifically on the role of mitochon-
drial function and dysfunction in adipocyte pathophysiol-
ogy, we will limit our discussion to potential therapies that
target adipocyte mitochondria (Table 1).

Therapeutic Approaches to Treat Obesity
Mitochondrial Uncoupling and UCPs as Targets

Current therapeutic approaches for obesity predomi-
nantly aim to reduce energy intake. Two widely approved
and commonly used drugs are Sibutramine, acting on
satiety centers in the brain by inhibiting serotonin and
noradrenaline reuptake, and Orlistat, which inhibits fat
digestion in the gut by reducing the efficiency of intestinal
absorption.8®

However, several studies have demonstrated that any
treatment for obesity other than reducing energy intake
has to increase energy expenditure to elevate resting
metabolic rate.®® Because mitochondria are fundamental
in mediating effects of energy dissipation, the goal is to
modify the uncoupling of mitochondrial OXPHOS. Strate-
gies to dissipate energy as heat and to decrease ATP
production through increased proton leak have thus been
proposed.®2:°"

In the 1930s, the artificial uncoupler Dinitrophenol was
used for this purpose, with weight losses of as much as 3
kg per week and a 40% average increase in metabolic
rate.®' However, despite the significant reduction in body
weight in the absence of dietary restriction, the U.S. Food
and Drug Administration, due to numerous side effects
observed, discontinued the use of Dinitrophenol. How-
ever, it has recently been shown that mild mitochondrial
uncoupling, induced by the protonophore FCCP, is able
to reduce the intracellular TG content of lipid droplets in
differentiated adipocytes through a down-regulation of
several energy and carbon flux requiring processes. This
decrease is accompanied by an enhanced lipolysis and
down-regulation of lipid synthesis as well as the signifi-
cant decrease in the transcriptional activity of adipogenic
transcription factors such as PPARy and C/EBPs.®?

Alternatively, uncoupling proteins have attracted atten-
tion as functional targets. These proteins are implicated
in adaptative thermogenesis, fatty acid oxidation, aging,
prevention of ROS formation, and body weight regula-
tion.?® Even though UCP-1 is expressed exclusively in
brown fat mitochondria and acts as thermogenic regula-
tor, in vitro studies have demonstrated that constitutively
overexpression of UCP-1 in both BAT and WAT of trans-
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Table 1. Future Potential Therapeutic Strategies to Treat Obesity by Targeting Mitochondria in White Adipocytes

Therapeutic target area or

Strategies putative drugs

To increase energy
expenditure in white
adipocytes

OXPHOS uncoupling molecules
(ie, FCCP, DNP, constitutive
over-expression of UCP1)

To induce a reduction of
white adipocyte number

Apoptosis inducers (ie,
FAT-ATTAC mouse, Ajoene)

To induce white Ectopic expression of PGC-1«a
adipocyte Overexpression of leptin
transdifferentiation into  Treatment with trans-retinoic
brown-like adipocytes acid

To increase mitochondrial Bioactive food components (ie,
oxidative capacity polyunsaturated fatty acid,
polyphenols such as
resveratrol)
Synthetic mimetic directed at
SIRT1 activation (ie,
SRT-1720, SRT-501)

Advantages Disadvantages References
Triglyceride content Insulin sensitivity impaired 21,91
decreased Lipolysis increased 92, 94
Metabolic rate Fatty acid release
increased increased
Abundance of adipose Abnormal fat accumulation 108, 110
tissue reduced (ie, muscle, liver)
Glucose intolerance
Insulin secretion decreased
Circulating adipokines level
decreased
Lipid oxidation Not known 112-115
increased
Lipogenic enzymes
down-regulated
Body fat decreased
Lipid oxidation Not known 117-120
increased 122-127

Body fat decreased

Mitochondrial
biogenesis increased

Lifespan increased

Insulin sensitivity
improved

genic aP2-Ucp1 mice® and 3T3-L1 preadipocytes dur-
ing adipocyte differentiation®' induced reduced accumu-
lation of TGs. In addition, recent studies °°°¢ confirmed
the presence of BAT in human adults. On the basis of
these observations, these authors also present interest-
ing data showing that cold exposition could stimulate the
activity of BAT to burn a high quantity of TGs. Cool
temperatures exposition might thus also be used to limit
fat accumulation, but the efficiency of lower temperature
seems to be highly dependent on age, gender, and
leanness/obesity status.®%:%°

Although UCP-2 and UCP-3 appear to be mainly in-
volved in the limitation of ROS production rather than in
physiological uncoupling and thermogenesis, the ex-
pression of these proteins is controlled by numerous
physiological signals, such as fatty acids, thyroid and
B-adrenergetic hormones, leptin, and modulators of
PPARs, suggesting an important role for these molecules
in metabolism and making them new targets for pharma-
cological strategies.®”

Transgenic mice that overexpress UCP-3 in skeletal
muscle showed a decrease in adiposity, a reduction in
cholesterolemia, a higher insulin sensitivity, and a lower
blood glucose level accompanied by a higher metabolic
rate, despite higher food intake than their wild-type coun-
terparts.®® However, this posttive effect is still debated, as it
seems to be due to the artificially high levels and supra-
physiological expression of UCP-3.°° Indeed, UCP-2 and
UCP-3 proteins are not highly expressed in mammalian
tissues. Nevertheless, it was subsequently shown that pro-
ton leak and the expression of UCP-3 (but not UCP-2)
correlate with lower weight when comparing diet-resistant
and diet-responsive overweight women.'%°

Mitochondrial uncoupling thus seems an effective way
to increase resting metabolic rate, thermogenesis, and/or
regulate lipid metabolism, leading to an important reduc-

tion in body weight and related syndromes. However,
further research is still needed to have a full array of
actions of UCPs, necessary to consider them for benefi-
cial pharmacological targeting.

Selective Induction of Adipocyte Apoptosis

Significant alteration of adipose tissue mass is depen-
dent on the average volume and the number of adipo-
cytes.’®" It is interesting to speculate that a decrease in
TGs could be caused by a reduction in adipocyte number
(a process that most likely involves the apoptosis of adipo-
cytes) or possible adipocyte dedifferentiation.’®? 194 Be-
cause of the presence of numerous effectors of the prosur-
vival phosphatidylinositol 3-kinase pathway, such as very
high Akt/protein kinase B expression, and/or the high
abundance of the antiapoptotic factors, such as Bcl-2
and neuronal apoptosis-inhibitory protein during adipo-
genesis, %1% adipocytes have a remarkable resistance
to induced apoptosis.'®* 197 Nevertheless, targeted and
moderate induction of cell death in adipocytes seems to
be an attractive approach in obesity treatment, because
reducing the number of adipocytes can assure an irre-
versible effect of fat loss. In this field, the most elegant
model is the inducible “fatless” model, the FAT-ATTAC
mouse, with cell fat apoptosis triggered by activation of
caspase 8. This mouse that develops identically to wild-
type littermates can undergo apoptosis of adipocytes at
any developmental stage by administration of an FK1012
analog leading to the dimerization of a membrane-bound,
adipocyte-specific caspase 8-FKBP fusion protein. The
level of adipose tissue is fastly and markedly reduced
within 2 weeks of dimerizer administration, but treated-
FAT-ATTAC mice display near-knockout levels of circulat-
ing adipokines, are glucose-intolerant, have decreased
basal and endotoxin-stimulated systemic inflammation, se-



crete less insulin in response to glucose compared with the
wild-type, and show increased food intake independent of
the effects of leptin.'®®

Few studies have been performed in the field of adi-
pocyte apoptosis, but apoptotic events can be observed
in vivo and in vitro. For example, in adipose tissue of
patients with tumor cachexia or in preadipocytes and
adipocytes treated in vitro with a high concentration of
TNFa, apoptotic markers such as Bcl-2 and caspase 1
have been found.’ A study aiming at targeted adipo-
cyte apoptosis was performed using ajoene, an organo-
sulfur compound from garlic.'™® This compound can in-
fluence the regulation of fat cell number through the
induction of hydrogen peroxide generation, activation of
mitogen-activated protein kinases, degradation of poly-
(ADP-ribose) polymerase-1, translocation of apoptosis-
inducing factor, and fragmentation of DNA leading to
apoptotic cell death.

Control of Fat Mass by Conversion of White
Adipocytes into Brown-Like Adipocytes

Although it shares many features with WAT, BAT is spe-
cialized in adaptative thermogenesis and major differ-
ences that affect mitochondria exist between these two
types of adipocytes.®” Fatty acid oxidation enzymes and
respiratory chain components are highly expressed in
brown adipocytes, contributing to a high oxidative ca-
pacity enhanced by the large number of mitochondria,
but the most distinguishing feature is the expression of
UCP-1, which allows the dissipation of the proton elec-
trochemical gradient generated by the respiratory
chain as heat.'"" Molecular pathways able to modulate
adaptive thermogenesis should thus provide a plausi-
ble and safe way to increase energy expenditure.
Since BAT is present in rodents, hibernators, and new-
borns, as well as in adult humans (although in lower
quantities), one alternative to attempt this goal could
be to stimulate the conversion of white adipocytes into
brown-like adipocytes.

Indeed, treatment of animals with all trans-retinoic
acid, which targets the retinoic acid receptor, was shown
to reduce obesity, to increase UCP-1 expression in WAT,
and to modulate other features of WAT to BAT conver-
sion.™2 Two other recent studies have showed positive
results dealing with trans-differentiation of white adipo-
cytes. 115 First, it was demonstrated that ectopic ex-
pression of PGC-1a in human white adipocytes induces
the expression of brown adipocyte gene marker encod-
ing UCP-1, respiratory chain proteins, and fatty acid ox-
idation enzymes and increases energy balance through
increased utilization of fat."'®"'* Second, adenovirus-
induced leptin overexpression in adipocytes of normal
rats induced the expression of PGC-1«a, UCP1, and UCP2
and represses genes encoding lipogenic enzymes such
as malonyl-CoA, acetyl-CoA carboxylase, fatty acid syn-
thase, stearoyl-CoA desaturase 1, and glycerol-3-phos-
phate acyl transferase.''® In response to leptin, an acti-
vating phosphorylation of AMP-activated protein kinase
that inhibits Acetyl-CoA Carboxylase leading to an in-
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crease in fatty oxidation and a rapid depletion of body fat
was reported in these animals. This potential ability to
transform white adipocytes into mitochondria-rich fat-
burning cells has opened a novel therapeutic strategy to
regulate fat mass and fight obesity.

Increase in Mitochondrial Oxidative Capacity by
Bioactive Food Components

In obesity, metabolic tissues, including WAT, display re-
duced mitochondrial density and diminished oxidative
capacity 32735116 Recent evidence suggests that differ-
ent categories of bioactive food components, polyunsat-
urated fatty acids and polyphenols, have the potential to
prevent and even reverse this process. Partial replace-
ment of the plant -3 polyunsaturated fatty acid « linoleic
acid, at an equal energy density, by the long chain ma-
rine w-3 polyunsaturated fatty acids eicosapentaenoic
acid and docosahexaenoic acid showed increased mito-
chondrial density, reduced WAT mass, and increased
fatty acid oxidation,”"” which most likely explains the
mechanism behind the beneficial of these fatty acids in
rodents and humans.''® Another class of bioactive
food components that may function to increase mito-
chondrial biogenesis and oxidative capacity, also in
WAT, are polyphenols. The polyphenol resveratrol can
activate SIRT1, a deacetylase that has PGC-1a and a
number of transcription factors involved in mitochon-
drial biogenesis (PPARy, ERRea, and nuclear respira-
tory factor-1) as targets. Indeed, in two independent
mouse studies, dietary resveratrol, compared with the
same high-fat diet without resveratrol, was shown to
deacetylate PGC-1a, reduce WAT mass, increase mi-
tochondrial density, and improve mitochondrial oxida-
tive capacity.!'912° These changes were accompanied
by induction of ERRa and nuclear respiratory factor-1
and were associated with increased lifespan, improved
metabolic biomarkers (insulin, glucose, and insulin
growth factor-1), and improved endurance.’'®'2° The
beneficial effect of resveratrol may be strengthened by its
ability to inhibit TNFa-induced changes of plasminogen
activator inhibitor-1, IL-6, and adiponectin in 3T3-L1 adi-
pocytes.'?" The protective effect of resveratrol has initi-
ated a search for synthetic mimetics specifically directed
at SIRT1 activation. Indeed, one such a mimetic,
SRT1720, was able to protect against DIO as well as
genetic obesity by enhancing mitochondrial oxidative ca-
pacity in metabolic tissues.'®®'23 Although the cellular
and molecular effects of resveratrol and its mimetics
were primarily examined in liver, BAT, and muscle,
functional effects were seen in WAT.'?* Another poly-
phenol with similar beneficial physiological effects, cy-
anidin-3-O-B-p-glucoside, clearly modulated WAT, af-
fecting AMP-activated protein kinase phosphorylation
and PPAR-y, adiponectin, plasminogen activator
inhibitor-1, and IL-6 expression.'#® Several other poly-
phenols were shown to beneficially affect energy me-
tabolism, including quercetin and epigallocathechin-3-
gallate.’®®'27 Although the effects of the different
polyphenols may operate via various, partly overlap-
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ping, molecular mechanisms, they all seem to impinge
on mitochondria.'2:127

Conclusions

In the past decade, mitochondria have been extensively
studied. Increased evidence demonstrates the major role
of mitochondria in adipocyte differentiation and in adipo-
cyte homeostasis. During adipogenesis, an enhanced
mitochondrial biogenesis associated with increased mi-
tochondrial activity covers energy needs and contributes
to glucose/lipid metabolism. Furthermore, as mature adi-
pocytes are fully metabolically active cells that require
large amount of ATP to regulate the intracellular TG bal-
ance (ie, fatty acid synthesis, fatty acid B-oxidation, and
lipolysis), highly active mitochondria are crucial for adi-
pocyte function. Nutritional, pharmacological, and ge-
netic impairments of adipose mitochondrial function lead
to the dysregulation of homeostasis of this endocrinolog-
ical important organ. These alterations cause a vast array
of metabolic diseases such as insulin resistance, T2DM,
and cardiovascular diseases.

Strategies to fight obesity and associated diseases
have a large spectrum of potential targets such as
regulation of lipid metabolism, mitochondrial energy
dissipation, adipocyte ROS production, adipokines
control, induction of dedifferentiation and apoptosis,
vascularization, and inhibition of proliferation and dif-
ferentiation of adipocytes. All of these mechanisms can
be modulated by mitochondrial activity status. There-
fore, strategies that regulate mitochondrial biogenesis
and functions may have therapeutic potential for the
treatment of important pathophysiological conditions re-
lated to glucose/lipid metabolism.
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