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Abstract
White adipose tissue (WAT) is an endocrine organ with crucial role in the development of obesity and related diseases. White adipocytes
have less mitochondria than brown adipocytes; nevertheless, there is an increasing body of evidence showing that mitochondrial
parameters play a relevant role in WAT physiology, such as proliferation, differentiation and triacylglycerol storage levels. These parameters
comprise mitochondria turnover, oxidative capacity, uncoupling, reactive oxygen species levels and oxygen consumption. In addition, the
existence of beige (brown in white) adipose tissue and the transdifferatiation of WAT in brown adipose tissue are intrinsically related to
mitochondria activity. Herein we highlight that the concerted action of stimulated lipolysis, mitochondrial oxidative metabolism and
uncoupling (futile cycle) can enhance WAT energy expenditure. We consider WAT mitochondrial function a promising target for the
development of therapies tackling lipotoxicity, obesity and related diseases.
Keywords: Obesity; Oxidation; Respiration; Metabolism; Fatty acid; Uncoupling; Browning; Mitophagy
List of Abbreviations: BAT: Brown adipose tissue; ETC: Electron transport chain; ERRα: Estrogen-related receptor alpha; FA: Fatty
acids; FAO: Fatty acid β-oxidation; FFA: Free fatty acids; FGF21: Fibroblast growth factor 21; Dio2: Iodothyronine 5’-deiodinase; IL:
Interleukin; MCP1: Monocyte chemotactic protein-1; MIRO: Mitochondrial rho GTPase; OXPHOS: Oxidative phosphorylation; PPAR:
Peroxisome proliferator- activated receptor; PGC1: Peroxisome proliferator- activated receptor-γ coactivator 1; Prdm16: PRD1- BF1RIZ1 homologous domain containing 16, ROS: Reactive oxygen species; TAG: Triacylglycerides; UCP1: Uncoupling protein 1; VDAC1:
Voltage-dependent anion-selective channel protein 1; WAT: White adipose tissue.

Obesity, a global issue
Obesity can be defined as the disruption in the balance between fuel intake and energy expenditure in favor of energy conservation.
Together with type 2 diabetes (T2DM), these are the two of the most prevalent diseases affecting modern societies, arising mostly
by changes in eating habits and a sedentary lifestyle associated with poorly known genetic determinants. Obesity predisposes to
the so-called metabolic syndrome, which includes inflammation, hypertension, T2DM and cardiovascular diseases [1]. Obesity is
imposing an increasingly heavy burden on the world’s population in rich and poor nations alike, with almost 30 percent of people
globally now either obese (BMI ≥ 30) or overweight (BMI ≥ 25) [2]. In fact, the number of overweight and obese people rose
from 857 million in 1980 to 2.1 billion in 2013 [2]. Recently, obesity and metabolic syndrome were associated with mitochondrial
dysfunction and deranged regulation of metabolic genes [3]. Interestingly, mitochondria of obese individuals seem to be different
from those of lean individuals. Mitochondria from obese individuals display lower energy-generating capacity, less defined inner
membranes and reduced fatty acid oxidation (FAO) [4].
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White Adipose Tissue (WAT)
White adipose tissue (WAT) is the main tissue linked to obesity. WAT represents around 10% of total body weight in lean adults
and more than 50% in obese individuals [5]. WAT is composed of mature adipocytes and the stromal-vascular fraction that
contains preadipose cells (or adipoblasts), fibroblasts, immune cells, and blood vessel–associated cells [6]. A single and large lipid
droplet occupies most of the white adipocyte volume and WAT copes with obesity either expanding (hypertrophy) or recruiting
new cells (hyperplasia) [7]. WAT secretes an array of peptide hormones called adipokines (including leptin and adiponectin),
which regulate neurological activities such as appetite and behavior, metabolic activities of peripheral tissues [8] and produce
several pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNF-α), interleukin 6 (IL-6), interleukin 1 (IL-1),
resistin and monocyte chemotactic protein-1 (MCP1), with endocrine, paracrine and autocrine effects [9-15]. Visceral adipocytes
produce more pro-inflammatory cytokines, while subcutaneous adipocytes are the main source of leptin and adiponectin [16].
WAT deposits present distinguished morphologic and metabolic activities, depending on their anatomical position, diameter and
number of cells, hormone sensitivity, innervation, vascularity and mitochondria content [17-19].
For decades, WAT was regarded as a fat storage tissue where mitochondrial content and function were largely ignored. Nowadays,
WAT is considered as an endocrine organ and mitochondria are considered to play an important role in WAT physiology.

Mitochondria
There are hundreds to thousands mitochondria in most eukaryotic cells. Their cellular distribution and localization are not
homogeneous as they contemplate local energy demand [20-22]. Moreover, mitochondria are dynamic organelles and their
morphology varies according to fusion and fission events of mitochondrial membranes [23]. Mitochondria are responsible for
most of cellular adenosine triphosphate (ATP) generation, cellular respiration, oxidative stress regulation, calcium buffering
and cell death [20,24]. Noteworthy, the orchestration of food intake, digestion, and processing is designed primarily to supply
substrates destined for mitochondrial oxidation [24].
Mitochondria impairment is related to aging [25,26] and to a series of pathologies. The main sources of known mitochondriarelated diseases comprise electron transport chain (ETC) malfunction, impaired ATP generation, imbalance between reactive
oxygen species (ROS) generation and sequestration, mutations in the nuclear and mitochondrial genomes and unbalanced
mitochondrial turnover [26-28]. These conditions include hypercholesterolemia, hypertriacylglyceridemia [29], hepatic cytolysis
and steatosis [30], myoclonic epilepsy with ragged-red fibers (MERFF), mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like syndrome (MELAS), mitochondrial inherited diabetes and deafness (MIDD) and T2DM [20,26,27]. Mitochondria
dysfunction due to mitochondrial DNA (mtDNA) mutations and reduced oxidative metabolism is also related to various types
of cancer, including breast cancer [31-33]. Neurons have a high density of mitochondria and, consequently, they rely heavily
on mitochondrial parameters. Indeed, neurodegenerative diseases including Alzheimer, Parkinson, Huntington disease and
Amyotrophic Lateral Sclerosis can be triggered by mtDNA defects, oxidative stress and mitochondria-induced cell death [28,3436].
In the last 15 years some promising therapies were applied in clinical trials carried out with subjects presenting mitochondrial
diseases [37,38]. The results are still incipient but valuable in the pursuit of tailoring therapies to treat diseases of mitochondrial
origin, which currently have no cure.

Overview of Mitochondrial Relevance in White Adipocytes
Mitochondrial biogenesis and metabolism are implicated in various processes of WAT physiology, such as pre-adipocytes
proliferation, adipogenesis, carbohydrate and lipid metabolism, adipocyte de-differentiation, triacylglycerides (TAG)
accumulation and acquirement of brown adipose tissue-like characteristics [17,18,39-44]. In fact, adipocyte mitochondria provide
key intermediates for TAG synthesis and oxidize fatty acids released from lipolysis, providing ATP to meet energetic demand
during starvation [45].
Recent data from mice studies show that inguinal adipocytes have higher mitochondria content when compared to epididymal
adipocytes [46]. Moreover, they show that inguinal adipocytes have higher respiratory capacity attributable to higher mitochondrial
respiratory chain content. On the contrary, it was shown that rat epididymal adipocytes are richer in mitochondria than inguinal
adipocytes [47]. Therefore, it is not clear which adipocyte depot has more mitochondria. The relevance of uneven distribution
of mitochondria content and function in distinct WAT depots would reflect in higher or lower bioenergetics of these depots.
Fluctuations in bioenergetics would imply in alterations of ATP levels, oxidative stress, fatty acid synthesis and other relevant
parameters of WAT physiology during proliferation and differentiation. These alterations would result in distinct lipolytic rate and
TAG accumulation.
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Mitochondria function is also implied in WAT pathophysiology, particularly in obesity and related diseases, like T2DM. For
instance, WAT mitochondrial content is relatively low in genetically obese and insulin-resistant mice [48]. This occurs because low
cellular mitochondria content probably results in reduced oxidative capacity and more TAG accumulation, contributing to insulin
resistance and obesity. Indeed, preadipocytes from the clonal cell line 3T3-L1 exposed to inhibitors of mitochondrial oxidative
phosphorylation showed impaired respiration and TAG accumulation [19].
Mitochondria disruption in adipocyte pathways contributes vastly to the development of insulin resistance [45]. 3T3-L1 adipocytes
exposed to the insulin sensitizer rosiglitazone, to β3-adrenergic receptor activation and to the combined use of R-α-lipoic acid and
acetyl-L-carnitine displayed enhanced mitochondrial population, augmentation of the expression of several mitochondrial proteins
and augmented FAO [49-51]. These findings were later proven in vivo by the use of white adipocytes from ob/ob mice treated with
rosiglitazone that presented augmented mitochondrial mass, markedly enhanced oxygen consumption and significantly increased
palmitate oxidation [17,19,52]. Moreover, dietary restriction of mice fed a high fat diet led to the upregulation of genes involved in
lipid metabolism and mitochondrial function, activating WAT mitochondria and serum adiponectin levels, which are correlated
to the enhancement of insulin sensitivity [53].

Mitochondrial Parameters Involved in Adipogenesis and Oxidative Metabolism
WAT adipogenesis (differentiation of preadipocytes into mature adipocytes) occurs as a result of a transcriptional cascade involving
the tightly regulated induction of several transcription factors [54,55]. Adipogenesis is a high energy-demanding process that
relies on mitochondrial biogenesis and functions that, in turn, provides ATP and intermediates for FA synthesis and TAG storage.
Therefore, the relevance of mitochondria function during adipogenesis can be justified not only by the fact that mitochondriagenerated ATP fills the raised energetic demand of cellular differentiation, but also because mitochondria provide key substrates
necessary to support the massive lipogenesis during adipogenesis. These substrates include acetyl-CoA and glycerol3-phosphate,
essential for fatty acid synthesis and esterification [8]. There are many evidences indicating that mitochondrial biogenesis and
adipogenesis occur simultaneously. One of the evidences is the fact that there is a 20-30-fold increase in abundance of mitochondrial
proteins expression in the early stages of adipogenesis of 3T3-L1 cells [49].
Mitochondrial Prohibitins: It is worth mentioning the emerging roles of the mitochondrial membrane proteins prohibitins (PHBs)
in adipocyte physiology. PHBs are highly conserved proteins located in the mitochondria, nucleus and plasma membrane of many
cell types implicated in the modulation of longevity, cellular metabolism, mitochondria function, oxidative stress and adipogenesis
[56-58]. There is a mitochondrial prohibitin complex located in the inner mitochondrial membrane composed of the subunits
prohibitin-1 (PHB1) and prohibitin-2 (PHB2), which bind to each other forming an interdependent ring-like macromolecular
structure [58]. This complex positively modulates mitochondrial respiration, mitochondrial genome, mitochondrial assembly
and ROS generation [56,57]. An interesting study in yeast reveals that PHB complex controls mitochondrial inner membrane
organization and integrity by acting as protein chaperones and lipid scaffolds [59]. In fact, PHBs knockdown may trigger
cytochromec-cardiolipin complex dissociation and further cytochrome c release, increasing cellular susceptibility to apoptosis
[57]. Specific PHB2 knockdown also leads to apoptosis by inducing the loss of optic atrophy 1 (OPA1), which is required for
mitochondria fusion and cristae integrity. The opposite, PHB overexpression, is supposed to protect against apoptosis [57].
Not only PHBs levels are raised during mitochondrial biogenesis but also during 3T3-L1 adipogenesis. In fact, the levels of both
PHB1 and PHB2 are significantly increased during adipogenesis of 3T3-L1 preadipocytes, especially in mitochondria [60]. PHBs
inhibition was shown to impair adipogenesis and mitochondrial function both in 3T3-L1 cells and in human adipose-derived
stem cells (ASC) [56,60]. In clonal 3T3-L1 cells PHBs silencing reduced mtDNA copy number, impaired mitochondrial function
and resulted in mitochondrial fragmentation. This, in turn, led to elevated ROS generation and adipogenic reduction combined
with reduced expression of adipogenic markers (C/EBPb, PPARγ and aP2) and less lipid accumulation [60]. These findings were
corroborated in the studies with human ASC treated with micro RNAs (miR-27a,b) targeting and silencing PHBs, which resulted
in reduced PPARγlevels and less adipogenesis [56].
Concerning mature adipocytes, a study revealed that 3T3-L1 adipocytes treated with isoproterenol markedly raised both lipolysis,
as expected, but also increased PHB expression [61]. On the contrary, in a mouse model overexpressing PHB in adipocytes via aP2
promoter (Mito-Ob mouse), it was observed that PHB overexpression led to mitochondrial biogenesis upregulation but also to
obesity [62]. Curiously, visceral fat augmentation was more pronounced in female Mito-Ob and brown fat was more increased in
male Mito-Ob mouse [62]. This obese phenotype could be explained by the fact that PHB1 may inhibit pyruvate carboxylase (PC)
and, as a consequence, diminishes insulin-stimulated oxidation of glucose and fatty acid in mouse adipocytes [63]. PC inhibition
would lead to oxaloacetate depletion and tricarboxylic acid cycle impairment, inhibiting cataplerosis and glyceroneogenesis (lipid
accumulation). Further studies of PHBs overexpression have to be carried out to confirm these controversial findings between
cellular and mouse models.
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Based on the PHB silencing studies we conclude that PHB inhibition leads to respiratory chain deficiency, defective mtDNA,
excessive ROS generation and apoptosis stimulation. Therefore we conclude that PHBs are key proteins that promote mitochondrial
biogenesis, inner mitochondrial membrane stabilization and positive modulation of oxidative phosphorylation and ROS. This, in
turn, results in the proper function of mitochondrial respiration, ATP synthesis and Krebs cycle, together with the prevention of
apoptosis and oxidative stress. All in all, the importance of PHBs in adipogenesis is another evidence of mitochondrial relevance
in adipocyte physiology. Nevertheless, more studies are required to confirm the lipolytic role of PHBs in mature adipocytes.
PGC1-α and PGC1-β: Peroxisome proliferator-activated receptor-γ coactivator 1-alpha (PGC1-α) is a member of a family of
transcription co-activators that plays a central role in the regulation of cellular energy metabolism, mainly via the promotion of
oxidative metabolism and mitochondrial biogenesis [19,64]. PGC1-α regulates central features of highly metabolic active tissues,
such as BAT, heart, skeletal muscle, liver, testis and the central nervous system (CNS), such as thermogenesis, contractile force,
oxidative fiber types, gluconeogenesis, beta-oxidation and apoptosis [65,66]. In brown fat, PGC1-α activation by peroxisome
proliferator-activated receptor alpha (PPARα) provides a molecular mechanism for concerted induction of thermogenic and fatty
acid oxidation (FAO) genes [67]. In WAT, PGC1-α is at the crossroads of oxidative metabolism [68-70]. In white adipocytes,
PGC1-α contributes to mitochondrial biogenesis and adipogenesis via activation of specific transcription factors involved in the
expression of nuclear genes encoding mitochondrial proteins and/or adipogenic markers. These markers include CREB (cyclic
AMP response element-binding protein), ERRα (estrogen-related receptor alpha), and peroxisome proliferator-activated receptor
gamma (PPARγ), among others [17]. Studies conducted with rat WAT indicate that PGC1-α may help WAT cells withstand
high energetic demands during physiological stress [19,71]. Besides, there is increasing evidence showing that PGC1-α plays an
important role in obesity, diabetes and cardiomyopathy, making it an attractive target for drug development in the treatment of
these diseases [64,72]. PGC-1α is intimately involved in adaptive thermogenesis, skeletal muscle fiber type switching, glucose/
fatty acid metabolism, and heart development. Among these varied biological responses, a common mechanism of action appears
to be the promotion of oxidative metabolism accompanying the stimulation of mitochondria biogenesis. The promotion of fatty
acid oxidative metabolism leads to a reduction of fat accumulation in muscle, which, in turn, increases insulin sensitivity and the
glucose uptake by insulin-sensitive tissues [64].
PGC1-β is encoded by the Ppargc1b gene and is preferentially expressed in tissues with relatively high mitochondrial content,
including heart, slow skeletal muscle and BAT [3]. PGC1-β knockout mice display an altered expression in a large number of
nuclear-encoded genes that regulate mitochondria energy metabolism in multiple tissues and these mice are extremely sensitive
to cold exposure and develop hepatic steatosis upon feeding with high fat diet [69,73].
PGC1-β function in WAT is largely unknown. It was observed that PGC1-β overexpression in 3T3-L1 adipocytes raises insulin
sensitivity, increases mitochondria biogenesis and mitochondrial function [73]. The effect of PPARγ agonists on PGC1-β mRNA
levels in 3T3-L1 adipocytes was tested and PPARγ ligands increased mRNA levels and steady state levels of PGC1-β protein [74].
This study was done using short interfering RNA against PGC1β and demonstrated that this coregulator is required for TZDdependent increases in mitochondrial gene expression, oxygen consumption and palmitate oxidation in 3T3-L1 cells. Knockdown
of PGC1-β in 3T3-L1 cells did not alter adipogenesis, lipogenesis or glucose uptake [74]. Therefore, PPARγ-induced PGC-1β
expression has an effect on WAT mitochondrial activity, but not in fat storage. This finding is in line with a study done with
PGC1β-FAT-KO mice. In this study, PGC1β deletion did not alter fat accretion or white adipocyte size, since the expression of
terminal markers of adipocyte differentiation or genes encoding for proteins involved in lipid synthesis were not differentially
regulated in the WAT of PGC1β-FAT-KO mice [75].
WAT PGC1-α transcript seems to be barely detectable and are present at lower levels than those of PGC1-β in both differentiated
3T3L1 cells and mature WAT. Nevertheless, PGC1-α transcripts levels are higher in preadipocytes, suggesting that PGC1-α might
play a more relevant role in preadipocytes proliferation and PGC1-β might be more active in mature adipocytes [74]. Despite the
fact that PGC1-α and PGC1-β play similar roles in mitochondrial activity, their actions are only partially redundant [69,73,74].
PGC1-α and PCG1-β might be important regulators of white adipocyte energy metabolism, especially regarding mitochondrial
biogenesis and adaptive thermogenesis. Despite the fact that they are appointed as possible targets for the development of antiobesity drugs, more studies are required to clarify the plausible molecular mechanisms involved in the specific regulation of
mitochondrial biogenesis markers, regulation of uncoupling proteins expression as well as their interaction with different types of
nuclear receptors and transcriptions factors involved in the control of energy metabolism.
Mitochondrial Fatty Acid Oxidation and Uncoupling: During lipolysis, TAG undergoes lipases-driven hydrolysis ultimately
releasing glycerol and unesterified FA (free fatty acids, FFA). WAT FFA has at least four fates: (i) reesterified inside WAT, (ii) used
as substrate for mitochondria uncoupling, (iii) oxidized inside mitochondria (FAO) and (iv) released to circulation. Plasma FFA
is used as energetic substrate by other tissues but can lead to lipotoxicity when in excess.
It is usually considered that FFA re-esterification is the major pathway to retain FA within the adipocyte, preventing excessive
release of FFA from lipolysis to circulation [76,77].
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It is important to state that, at cellular metabolism level, there are biochemical mechanisms that are dedicated to transform chemical
energy into heat, increasing total body energy expenditure. These processes include uncoupling of the mitochondrial respiratory
chain and substrate cycles (futile cycles), being simultaneous lipolysis and FFA re-esterification (FA cycle) a key substrate cycle for
lipid metabolism regulation [78,79]. Uncoupling of the mitochondrial respiratory chain is mediated physiologically by uncoupling
proteins (UCPs). UCPs are mitochondrial inner membrane proteins present in plants and mammals, including humans. There
are five known isoforms of mammalian UCPs: UCP1 (or thermogenin) is expressed in BAT and dissipates the proton gradient
to generate heat (non-shivering thermogenesis), UCP2 is ubiquitously expressed at varying levels in different tissues, including
WAT and brain, UCP3 is expressed in skeletal muscle and heart, UCP4 and 5 are predominant in neural tissues [80]. UCPs
dissipate part of the proton gradient across the inner mitochondrial membrane resulting in diminished ATP synthesis and, as
recently shown; reducing ROS levels [80]. Interestingly, UCP2 is considered to increase adiponectin gene expression and WAT
adipogenesis through the modulation of mitochondrial ROS production [81,82].
Mitochondrial uncoupling (UCPs) and FAO contribute to reduce FFA efflux from adipocytes [83,84], moreover, mitochondria
provide glyceroneogenic substrates that contribute to FA re-esterification. Indeed, mitochondria impairment induces TAG
accumulation in 3T3-L1 cells via diminished FAO and augmented glucose conversion into TAG [85]. Yet, there are evidences
suggesting that FAO is a minor pathway when compared to FA re-esterification in white adipocytes [76,77,86]. Mitochondrial
uncoupling induction represents a maximal FA consumption rate of 3.5% when compared to the rate of FA release from lipolysis
[86]. However, taking into account that WAT corresponds to more than 50% of total body weight in obese individuals, this
metabolic pathway may represent a significant physiological mechanism to handle the excess of FFA in obesity in mid-long term.
Moreover, FA redistribution from peripheral tissue to the liver is a slow process that takes several years, indicating that low FAO
rate should suffice [83,84].
In our opinion, FA re-esterification might be indeed the major and most immediate pathway to retain FA inside adipocytes, but
the contribution of WAT FAO and uncoupling cannot be neglected in WAT physiology. Once inside mitochondria, FA cycling via
UCPs (uncoupling) contributes to keep FAs longer inside the mitochondria, which increases their availability to be oxidized and
prevents exacerbated TAG storage. In a long-term basis, FAO stimulation would probably help to diminish insulin resistance in
peripheral tissues (less ectopic fat accumulation) and boost metabolic rate and weight loss. Indeed, many evidences corroborate
that efficient mitochondrial WAT FAO may increase respiratory capacity, reduce adipocyte size, enhance lipolysis and reduce
lipotoxicity [17,87,88]. Unpublished data from our group show that an increase on mitochondrial WAT FAO (30%) and WAT
oxygen consumption (10%) due to the action of unsaturated fatty acid treatment (palmitoleic acid) occurs simultaneously to an
augmentation on lipolysis (3,5-fold). This paper is under submission. A recent study with human twins showed that adiposity is
correlated with downshifting of fatty acid oxidation and that, indeed, mitochondrial biogenesis, oxidative metabolic pathways and
OXPHOS proteins in subcutaneous adipose tissue are down regulated in acquired obesity [89]. Thus, WAT FAO stimulation can
be considered a target to develop therapies for prevention and treatment of obesity, insulin resistance and related pathologies via
energy expenditure augmentation and fat loss.
Potential modulators of WAT FAO: Increased lipolysis may result in a shift within adipocytes towards increased FA utilization and

energy expenditure, protecting against overweight and obesity [90]. We agree with this hypothesis and suggest that, in combination
with lipolysis, regulated mitochondrial uncoupling and FAO are crucial for the improvement of whole-body sensitivity to insulin
due to less FFA release to circulation. Therefore, compounds with the potential to boost lipolysis, WAT mitochondrial FAO and
uncoupling capacity should be considered to be employed in future clinical trials.

It was proposed that pharmacological WAT protein kinase C β (PKCβ) inhibition led to body fat loss under normal caloric intake
due to increased WAT mitochondrial biogenesis, PGC1-α and mitochondrial FAO increase [70]. In addition, systemic chronic
pharmacological AMP-kinase (AMPK) activation might reduce adiposity via the enhancement of WAT oxidative machinery [91].
It was also proposed that allosteric activation of AMPK in white adipocytes could stimulate FAO, enhance PGC1-α expression and
enhance mitochondrial biogenesis [92]. Another proposal was that the chronic pharmacological β3-adrenergic receptor activation
in white adipocytes, leading to a transitory inflammatory response followed by mitochondrial biogenesis, would increase the
expression of genes involved in both FAO and white to brown adipocyte transdifferentiation [50,93-95]. PPARα is also a positive
regulator of thermogenic components [67,96-98] and PGC1-α and PPARα target genes are involved in FA catabolism, including
FA cellular uptake, mitochondrial and peroxisomal β-oxidation [99].

MitoNEET inhibition
Another candidate to modulate WAT FA handling is MitoNEET. MitoNEET (CDGSH iron-sulfur domain-containing protein 1
or CISD1) is a protein anchored in the outer mitochondria membrane of rodents and human brain, heart, skeletal muscle, liver
and adipocytes that contains Fe-S clusters which regulate mitochondrial matrix ion levels and oxidative capacity [100]. MitoNEET
exists in low levels in preadipocytes and its expression increases exponentially in differentiated adipocytes [100]. Surprisingly,
MitoNEET overexpression at physiological levels in mice WAT with a leptin-deficient ob/ob background (MitoN-Tg ob/ob) boosts
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lipid uptake and storage reduces fat uptake in the liver and preserves insulin sensitivity due to augmented adiponectin production
[5]. This mouse model resembles the metabolic healthy obese (MHO) state. In this context, β-oxidation is inhibited, mitochondrial
membrane potential is reduced and ROS generation is diminished. Conversely, reduction of MitoNEET expression results in
augmented mitochondria respiratory capacity, less weight gain on high fat diet (HFD) but elevated oxidative stress and higher
glucose intolerance. The effect of MitoNEET overexpression in a non-ob/ob phenotype was also observed (MitoN-Tg mouse) [45].
MitoN-Tg mice received HFD for 15 weeks and, up to week 12; the weight of MitoN-Tg mice was not different from control mice.
After week 12, there was healthy WAT expansion, without inflammation nor fibrosis, high sWAT vascularization and detection
of small adipocytes [45]. Simultaneously, a browning signature program was activated in MitoN-Tg sWAT, including UCP1 and
PGC1-α upregulation. This browning phenotype was lost by week 13 [45].
Ultimately, MitoNEET exerts a positive impact on WAT expansion and whole-body lipid and carbohydrate homeostasis by altering
mitochondrial matrix iron metabolism [45]. Despite β-oxidation inhibition and ETC impairment, mitoNEET enriched fat pads
result in a MHO phenotype and may prevent diabetes via improvement of insulin sensitivity. In fact, MitoNEET is a target of the
antidiabetic drug pioglitazone via blockage of thiol-mediated reduction of its Fe-S clusters and it boosts adiponection secretion
(MitoNEET-adiponectin axis) [95]. MitoNEET overexpression inhibits β-oxidation and ETC function, which is not desirable
during pre-adipocyte proliferation that is probably the reason why mitoNEET is present in low levels in preadipocytes [100]. But,
in obesity, MitoNEET controlled overexpression can be considered a promising target to improve this condition via healthy WAT
expansion.

Liver receptor X
Recently, a WAT knockout mouse for liver receptor X (ATaKO mouse) was generated and it presented more weight gain and fat
mass on a high fat diet compared with wild-type controls, as a result of the decrease in WAT lipolytic and oxidative capacities [87].
Accordingly, liver receptor X activation in vivo and in vitro led to decreased adipocyte size in WAT and increased glycerol release
from primary adipocytes, respectively, with a concomitant increase in oxygen consumption rates [87]. Therefore, liver receptor X
is another candidate to modulate WAT energy expenditure.

Unsaturated Fatty acids
Some unsaturated FA are relevant candidates to improve WAT lipolysis, FAO and respiratory rate. Marine-derived polyunsaturated
fatty acids eicosapentaenoic (EPA, omega 3) and docosahexaenoic (DHA, omega 3) have an antilipogenic effect and preferentially
upregulate expression of genes for mitochondrial proteins, including PGC1-α and nuclear respiratory factor-1 (Nrf1), increasing
mitochondrial FAO while depressing lipogenesis in abdominal fat [88]. Besides, we have recently shown that the monounsaturated
FA palmitoleic acid (omega 7) controls important metabolic processes in white adipose tissue, enhancing adipocyte lipolysis and
the content of the major lipases: adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL), via a PPARα-dependent
mechanism [101,102]. Palmitoleic acid also improves WAT FAO and oxygen consumption (unpublished data).
Table 1 summarizes some candidates to enhance WAT oxidative metabolism via fatty acid oxidation, uncoupling and lipolysis.
Event

FAO

Target

Activation

PGC1-α, β activation

PPARα [67], AMPK [95], [103], SIRT1 [104],
Nebivolol [68,105]

β3-adrenergic receptor activation

Mirabegron [113], CL 316,243 [93,106]
Nebivolol [105]

PKCβ inhibition

Ruboxistaurin [106]

MitoNEET inhibition

downregulation [5,45]

PPAR-α activation

FAs and FA-derived compounds [88,101,102]
Adrenergic stimuli [93,107]

LXR-α activation

Endogenous oxysterols [108]
Nonsteroidal LXR agonists T0901317, GW3965
[109]

UCP1 expression

3,5,3’-Triiodothyronine (T3) [110]
Norepinephrine [110]
Cold exposure [111], PPAR- α,β, FFA [45,77]
MitoNEET overexpression [45]

FAO and Lipolysis

Uncoupling

Table 1: Targets to enhance WAT oxidative metabolism via Fatty Acid Oxidation, uncoupling and lipolysis stimulation
Abbreviations: AMP: Adenosine monophosphate; AMPK: AMP-dependent protein kinase; AMPKK: AMP-Activated
Protein Kinase Kinase; FA: Fatty acid; FAO: Fatty acid oxidation; FFA: Free fatty acid; LRX-a: Liver receptor alpha;
MitoNEET: CDGSH iron-sulfur domain-containing protein 1; PGC1-α: Peroxisome proliferator- activated receptor-γ
coactivator 1-alpha; PPAR-α: Peroxisome proliferator- activated receptor-α; SIRT1: Sirtuin 1; UCP1: Uncoupling
protein 1
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Some of these compounds were evaluated in human clinical trials, such as Mirabegron, Nebivolol and Ruboxistaurin (Table 2).
In particular, Mirabegron is a β3-adrenoreceptor agonist currently approved to treat overactive bladder. Phase II studies and four
large-scale phase III multinational randomized, controlled trials have supported the efficacy of mirabegron in the clinical trial of
patients with overactive bladder during 12 weeks and also for 12 months [112]. Surprinsingly, Mirabegron has been assigned to raise
resting metabolic rate and BAT thermogenesis [113]. In this study, male humans who received 200 mg oral mirabegron presented
higher BAT metabolic activity (measured via (18)F-fluorodeoxyglucose (18)F-FDG) using positron emission tomography (PET)
combined with computed tomography (CT)) and raised resting metabolic rate (RMR) by 203 ± 40 kcal/day (+13%; p = 0.001).
Compound

Current Clinical Use

Mechanism

Recent Clinical Trials

Mirabegron

β3-AR agonist currently approved to
treat overactive bladder

Augmentation of RMR (resting metabolic
rate), stimulate, BAT thermogenesis.

[113]

Ruboxistaurin

Diabetic peripheral neuropathy
treatment

specific inhibition of PKC beta

[114]

Nebivolol

To treat hypertension, (acts as
vasodilator)

Thermogenic program activation,
lipolysis augmentation, adiponectin rise

[115-117]

Table 2: Recent clinical trials employing compounds from table1

Mitochondria Dynamics, Autophagy and Cell Death
Mitochondria Dynamics
Cellular homeostasis is modulated by mitochondria bioenergetics but also by mitochondria shape, location, turnover and
dynamics. As a matter of fact, mitochondria are dynamic organelles that undergo constant and regulated fission and fusion, being
morphologically classified as networked, fragmented and swollen [23,25,82,118]. Intracellular events that regulate fusion and
fission include oxidative stress, membrane potential, mtDNA quality and apoptosis [22]. The most relevant proteins related to
mitochondria fusion regulation in mammals are mitofusin1 (MFN1), mitofusin 2 (MFN2) and optic atrophy 1 (OPA1). MFN1,
MFN2 are regulators of mitochondrial outer membrane fusion and OPA1 is anchored to the mitochondrial inner membrane,
promoting inner membrane fusion [22]. Cytosolic dynamin-related protein 1 (DRP1) and outer‐membrane‐associated FIS1
regulate mitochondrial fission ([23]. In fact, fission is a sign for mitochondrial degradation and removal under physiological and
pathophysiological conditions [22].
Adipogenesis is partially regulated by mitochondrial fusion and fission. A study demonstrates that mitochondria morphology is
altered from a continuous reticulum to fragmented and/or punctate structures in 3T3-L1 pre-adipocytes during differentiation,
concomitant with TAG accumulation [118]. In addition, there is WAT mitochondria redistribution around the lipid droplets,
uncoupling of mitochondrial respiration and increased expression of genes involved in FAO, suggesting that mitochondrial
network and metabolism are altered during the first days of adipogenesis in 3T3-L1 cells [82]. The increase observed in the levels
of proteins involved with mitochondrial network, namely Drp1 and MFN2, during 3T3-L1 differentiation provided a molecular
support for the relevance of mitochondria dynamics in adipogenesis [82]. A recent study claims that mitochondria fusion is a
good indication of energy expenditure augmentation and lower insulin resistance in adipocytes [119]. This was indicated by
upregulation of Opa1, Mfn1 and Mfn2 genes [119]. Therefore, mitochondria remodeling during adipogenesis probably occurs
to attend the energetic demand of lipid droplets formation. Afterwards, excessive mitochondria are eliminated to give place to a
single large lipid droplet that occupies most of cytosolic volume in fully differentiated adipocytes.

Mitochondrial Permeability Transition Pore
Mitochondria are important regulators of cell death and respond to distinct stress signals, including loss of growth factors,
hypoxia, oxidative stress, and DNA damage. The initiation of a cell death program is mediated by permeabilization of the outer
mitochondrial membrane (apoptosis) or by the opening of the mitochondrial permeability transition pore (mPTP) in the inner
mitochondrial membrane [120]. The mPTP is a high conductance pore that establishes a mitochondrial membrane permeability
transition leading to the disruption of the mitochondrial membrane potential, mitochondria swelling and rupture of the outer
mitochondrial membrane, ultimately leading to mitochondria autophagy, apoptosis or necrosis [121-123]. One of the triggers for
mPTP opening is calcium overload. Once mPTP is opened, it mediates a catastrophic increase in the permeability of the inner
mitochondrial membrane, collapses membrane potential, prevents ATP synthesis and results in cell death [28].

Mitophagy
Mitochondria autophagy (mitophagy) is an early repair mechanism that takes place before apoptosis or necrosis. During mitophagy
dysfunctional mitochondria are selectively eliminated by autophagosomes for the sake of mitochondria function and host cell
integrity [120]. Mitophagy probably avoids exchange of defective mtDNA and defective mitochondrial proteins during fusion and
fission events in a mitochondria pool, preventing the spread of innate mitochondrial dysfunction.
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Mitophagy occurs via recruitment into isolation membranes, which seal and fuse with lysosomes for further degradation [124].
Mechanistically, upon loss of mitochondrial membrane potential the cytosolic protein Parkin rapidly translocates to mitochondria
promoting ubiquitination of some mitochondrial proteins (VDAC1, MFN1, MFN2 and MIRO) inducing damaged mitochondrion
removal by an autophagosome [120]. It seems that Parkin is the key molecule that recognizes defective mitochondria and selectively
removes it reducing mitochondria mass in the cell. There are two putative pathways to recruit Parkin to mitochondria: (1) via
PINK1 (2) via NIX and BNIP3. After, mitochondria are removed with the aid of the protein p62 (adaptor) or Bnip3 and Nix
(receptors), which interact with microtubule-associated protein 1A/1B-light chain 3 (LC3) on the autophagosome [120]. Mitophagy
regulation may involve not only the autophagic machinery, but also proteins associated with mitochondria dynamics (fusion and
fission machinery) and morphology [22]. The exact mechanism of these pathways is under debate and has to be further clarified.
The existence of selective and nonselective autophagy was proposed [22]. Nonselective autophagy is the removal of organelles
induced by starvation to provide recycled biomolecules to the cell, a cellular survival mechanism. On the other hand, selective
organelle autophagy would take place under nonstarving conditions [22]. There is another category of autophagy named
“Developmental Autophagy”. In this kind of autophagy there is no discrimination between healthy and non-healthy mitochondria
[22]. The hypothesis of developmental autophagy is that mitochondria would be eliminated to attend cellular energy demand and
function, such as red blood cells. Indeed, mature mammals erythrocytes are deprived of mitochondria for several reasons, the
most important being to avoid the generation of reactive oxygen species of mitochondrial origin. We infer that there are distinct
sorts of mitochondria autophagy. They may vary according to the metabolic state of the cell (starved or non-starved), on the
energetic demand of a certain cell type (muscular, cardiac, adipose, red blood cells) and, also, on the developmental phase of the
cell (proliferation or differentiation). Regarding adipocytes we believe that, during adipocyte proliferation and differentiation,
selective mitophagy is predominant and dysfunctional mitochondria are recognized and eliminated. Later, during the final stages
of adipocyte formation, developmental mitophagy probably takes over and remove the amount of mitochondrial population
necessary to attend the energetic needs of the mature cell, independent of mitochondria functionality. We propose the following
classifications for mitophagy (Table 3).
Mitochondria autophagy
Mediators

Metabolic condition

Mitophagy
Selective: quality control
removes dysfunctional mitochondria

PINK1/PARKIN

Nonstarving

Developmental Autophagy
non-selective

Bnip3L, Atg7, Ulk1

Nonstarving

Autophagy
non-selective

Drp1 phosphorylation

Starvation-induced

Table 3: Mitophagy classification

Mitophagy in white adipocytes: A unique aspect of pre-adipocyte differentiation into adipocyte is the removal of the bulk of the
cytoplasmic contents, particularly the removal of excess mitochondria, and their substitution with a single, large lipid droplet that
occupies most of the cytoplasmic space [8,22,121]. The inactivation of adipocyte mitophagy in vitro and in vivo results in post
differentiated cells exhibiting 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. Accordingly, the phenotype
observed in mice with mitophagy-deficient adipose tissue, includes reduced adiposity, resistance to diet-induced obesity and
increased insulin sensitivity. Nevertheless, more experiments are necessary to test whether WAT mitophagy inactivation (or
mitochondria biogenesis activation) may prevent or treat obesity and insulin resistance [8,13,125].
It has been demonstrated that when mitophagy is reduced or inactivated in adipocyte progenitor cells in vitro, these cells are not
able to differentiate into white adipocytes [8]. Another evidence correlating mitophagy and WAT differentiation is that the number
of mitochondria in fully differentiated mature adipocytes is markedly reduced when compared to primary mouse embryonic
fibroblasts in early stage of differentiation [8]. Indeed, when white adipocytes reach the mature state, mitochondria are reduced
in number via mitophagy and squashed around the lipid droplets [125]. The detailed mechanism explaining how mitophagy
selectively eliminates some mitochondria (“quality control”) and how mitophagy is regulated during adipogenesis remains unclear.

Mitochondrial actions for fat browning
Brown Adipose Tissue (BAT)
Adipose tissue is classified in two major types distributed throughout the body: white (WAT) and brown (BAT) adipose tissue
[126]. Brown adipocytes are multilocular and contain fewer lipids than white adipocytes, but more mitochondria [11,127,128].
BAT is heavily innervated by sympathetic nerves and it is responsible for a major portion of cold-induced thermogenesis, dietinduced thermogenesis, modulation of body temperature, energy expenditure and adiposity [129-131]. The thermogenic ability
of BAT is conferred by UCP1, a protein that dissipates the proton electrochemical gradient generated during respiration across the
mitochondrial membrane as heat [19,132,133].
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It was proposed that brown fat and skeletal muscle arise from a common progenitor in the dermamyotome expressing the
transcription factor myf5, which does not give rise to white adipocytes [18,134]. The differentiation of brown preadipocytes into
brown adipocytes is controlled by transforming growth factor-β family proteins, such as bone morphogenetic protein (BMP)-7 and
myostatin. In addition, C/EBP-β and PR domain containing 16 (Prdm16) have been shown to act as key transcriptional factors in
the differentiation of brown adipocytes [135].
The presence of metabolically active BAT in small rodents is already well established in the literature [128,136]. Surprisingly,
metabolically active BAT has been also identified in adult humans’ neck, cervical, supraclavicular, and paravertebral regions being
functional and activated upon cold exposure [132,137-141]. In an attempt to establish the presence of metabolically active BAT
in adult humans, some studies using fluorodeoxyglucose-positron emission tomography and computed tomography, (PET-CT),
demonstrated that 7.5% women analyzed had significant BAT deposit, while only 3.1% of men contained significant BAT storage,
demonstrating that BAT is more abundant in women than in men [132]. Yet, when volunteers were exposed to cold (19 oC) for 2
hours and evaluated by the same test mentioned above, they demonstrated that approximately 53% of individuals between 25 and 35
years old had an increase in FDG uptake, while only 8% of individuals between 38 and 65 years presented this increase, indicating
that older individuals present a reduction in the BAT activity [130]. Thus, brown adipose tissue (BAT) burns fat to produce heat
when the body is exposed to cold and plays a role in energy metabolism.
Decreased BAT activity is associated with body fat accumulation and aging [133]. Moreover, there is an emerging hypothesis
suggesting that BAT build up stimulation in obese individuals may help to lose weight [142-145]. Accordingly, mice without
functional BAT are prone to obesity and T2DM [146]. Using a transgenic toxigene approach to create two lines of transgenic mice
with primary deficiency of brown adipose tissue, it was demonstrated that after 16 days, both lines have decreased brown fat and
installed obesity: in one line, brown fat subsequently regenerates and obesity resolves; in the other line, the deficiency persists and
obesity, with its morbid complications, advances [147]. This study supports a critical role for BAT in the metabolic homeostasis of
mice. In addition, it was recently demonstrated that cold-recruited BAT in adults is thermogenically active and it contributes to
the reduction of body fat [148]. They examined the effects of repeated stimulation by cold and capsinoids (nonpungent capsaicin
analogs) in healthy human subjects with low BAT activity. Acute cold exposure at 19 oC for 2 hours increased energy expenditure.
Cold-induced increments of energy expenditure strongly correlated with BAT activity independently of age and fat-free mass.
Daily 2-hour cold exposure at 17 oC for 6 weeks resulted in a parallel increase in BAT activity and cold-induced increments of
energy expenditure and a concomitant decrease in body fat mass. Similarly, daily ingestion of capsinoids for 6 weeks increased
cold-induced increments of energy expenditure. These results suggest that human BAT can be recruited even in individuals with
decreased BAT activity. Others studies also showed that BMI and % of body fat are inversely correlated with BAT activity, indeed
indicating that obesity is associated with low BAT activity [129,132,146].

Brite adipocytes
Mice BAT mitochondria are more similar to muscle mitochondria and WAT mitochondria express proteins associated with
anabolic pathways and proteins involved in the degradation of xenobiotics [18]. Tang et al. [137] have proposed that WAT
progenitors reside in the mural cell compartment of the adipose vasculature but not in the vasculature of other tissues. Tran et al.
[149] have shown evidences that both white and brown fat depots (murine and human) have endothelial origin. However, there is
not a clear-cut consensus concerning BAT and WAT genesis and more studies are required to clarify this issue.
Interestingly, there is a large body of evidences in the literature showing the existence of pockets of brown adipocytes developing
within WAT, called beige or brite adipocytes. They do not seem to be derived from the same precursors that give rise to classical
BAT, suggesting that white adipocytes (or their precursors) would be able to undergo some type of reprogramming of their gene
expression program to become a “brown-like” cell [49,52,138,139]. Indeed, brite adipocytes are not proliferating classic brown
adipocytes and they constitute a subset of adipocytes with a developmental origin and molecular characteristics that distinguish
them as a separate class of cells [150]. Brite adipocytes have functional thermogenic genes (UCP1) but these cells are devoid of
transcripts for the transcription factors associated with classic brown adipocytes (Zic1, Lhx8, Meox2, and Prdm16) or for myocyteassociated genes (myogenin and muscle-specific microRNAs) and they retain white fat characteristics (Hoxc9 expression) [150].
There are some hypotheses for occurrence of brite adipocytes. One is the existence of pockets of brown adipocytes developing
within WAT. They do not seem to be derived from the same precursors that give rise to classical BAT, suggesting that white
adipocytes (or precursors) would be able to undergo some type of reprogramming of their gene expression program to become a
“brown-like” cell [49,52,138,151]. Another proposal suggests the existence of a pool of brite preadipocytes that differentiate into
brite adipocytes (not active) that could be further activated by cold, beta-adrenergic stimuli or other factors [152]. Apparently,
mice inguinal adipocyte depot has the highest propensity to recruit brite adipocytes upon chronic cold exposure [152].
A hot topic in adipocyte research is the existence of possibility of turning white adipocytes into brown adipocytes (transdifferentiation).
WAT to BAT transdifferentiation, regarded as the promotion of brown features in white adipocytes (named brite adipocytes), may
reduce lipid accumulation, prevent obesity and diabetes, induce thermogenesis and it has already been described in mice, rats and
human adipocytes [43,44,72,94,153-155]. White adipocyte browning relies on mitochondria parameters, including PGC1-α and
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UCP1. For instance, chronic treatment of white adipocytes with rosiglitazone, a PPARγ agonist, promoted PGC-1α expression and
mitochondriogenesis, as well as norepinephrine-augmentable UCP1 gene expression in these cells [150]. Below (9.3) we describe
some WAT browning pathways and mitochondrial contribution, mainly via uncoupling and oxidation.

WAT browning factors
Brown adipogenesis requires the master regulator zinc finger protein (Prdm16) and the transcriptional coactivator peroxisome
proliferator-activated receptor-gamma coactivator 1 alpha (PGC1-α). Prdm16 is a factor selectively expressed in BAT that activates
a broad program of brown fat differentiation when expressed in cultured white fat preadipocytes or in white fat depots in vivo
[126,134]. In fact, Prdm16 is highly expressed not only in BAT but also in subcutaneous white adipocytes. Prdm16 boosts the
increase of mitochondrial genes expression, greater density of mitochondria and raised UCP1 expression, ultimately stimulating
mitochondria uncoupling and energy expenditure [126].
Irisin, a new polypeptide hormone activated by exercise and regulated by PGC1-α [72] is secreted from the muscle into the blood
and is another candidate for the browning of certain WAT depots, both in vitro and in vivo. Apparently, a modest elevation in
irisin circulating levels leads to increased expression of several mitochondrial genes in white fat, increase in UCP1 expression
levels and energy expenditure, reduction of fasting plasma insulin levels and improvement of glucose tolerance in mice fed a high
fat diet, being regarded as a putative target to treat obesity and insulin resistance [72,156]. The transcriptional changes induced by
irisin were addressed on a global scale using gene expression arrays in mouse [72]. It was shown that UCP1 and 3 others known
brown fat genes, Elovl3, Cox7a and Otop1, were among the 8 most up-regulated genes, besides Prdm16 and PGC1-α that were
also increased. Conversely, genes characteristic of white fat development were down regulated, such as leptin. These data strongly
suggest the activation of browning and thermogenic genes by irisin. Nevertheless, irisin efficacy in browning WAT depots in
humans is still under debate [157,158].
Fibroblast growth factor 21 (FGF21), expressed predominantly in liver, WAT, BAT and pancreas, has emerged as an important
metabolic regulator that induces weight loss in obese mouse models through increases in energy expenditure without alterations in
food intake [159,160]. FGF21 is considered the only known cold-induced secreted protein that functions to increase the appearance
of brite adipocytes in WAT depots in an autocrine/paracrine manner, increasing the expression of thermogenic genes in fat tissues,
partially via the enhancement adipose tissue PGC1-α protein level [159]. Therefore, FGF21 could be considered as a hormone that
enhances β-oxidation and energy expenditure via WAT browning [123,158]. Although some authors claim that FGF21 metabolic
effects are associated with raised UCP1 expression, a thermogenic protein located in the inner mitochondrial membrane, a recent
study performed with UCP1 null mice shows otherwise [161]. In this study, it was verified that the anti-obesity action of FGF21
treatment, such as food intake reduction, glycemic control, reduced circulating cholesterol or free fatty acid levels and raised
adiponectin levels, occurred independently of UCP1-dependent thermogenesis. Nevertheless, UCP1-dependent thermogenesis
was required to reduce TAG levels and for the full magnitude of FGF21-induced elevation of energy expenditure in vivo [161].
Therefore, it seems that FGF21 have UCP1-dependent and UCP1-independent metabolic functions and more experiments should
be carried out to elucidate these findings. We conclude that FGF21 induces UCP1 expression, but not always UCP1 and FGF21
have concerted actions.
Additionally, microRNAs are reported to trigger WAT browning. After cold exposure, miR-27 is downregulated in BAT and
subcutaneous white adipose tissue and, besides, it is also downregulated during brown adipogenesis of primary pre-adipocytes
in vitro [162]. MiR-27, which is supposed to target and silence PHBs [56], directly targets and negatively regulates the essential
components of the brown transcriptional network [162]. Mori and cols [163] showed that miR-196a induces functional brown
adipocytes in WAT through the suppression of Hoxc8, which functions as a gatekeeper of the inducible brown adipogenesis. Chen
and cols (2013) demonstrated that the bistable loop involving microRNA 155 and C/EBPβ regulates the development of brown
and beige fat cells. [164]. Another recent study [165] reported that miR-455 exhibits a BAT-specific expression pattern and is
induced by cold and the browning inducer BMP7. Therefore, these studies suggest that microRNAs inhibition/super expression
can be regarded as a novel therapeutic approach for metabolic diseases aiming at increasing the beige/brown fat mass (Table 4).
Mitochondrial

Others

Biogenesis

FGF21

PGC1-α, β

Prdm16

UCP1

Cold

FAO

β adrenergic stimulation

ATP (for FA reesterification)

Irisin (?)

PHBs

MiR27, MiR196a, MiR455

MitoNEET
Mitophagy
Table 4: WAT browning factors
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All in all, transdifferentiation and browning rely heavily on mitochondrial parameters (Figure 1) and they are promising pathways
to increase whole body energy expenditure and the development of therapies to treat obesity and related diseases in humans.
Research in this field of expertise is moving fast and, probably, the fruits of these studies will soon shed light on new clinical trials.

Figure 1: Mitochondrial actions (and other factors) for WAT browning and energy expenditure augmentation
Transdifferentiation (5): a pool of classical white adipocytes undergoes transdifferentiation into brite adipocytes. There is a brite adipocyte
threshold variation among different fat depots. Mitochondria and other factors that induce transdifferentiation: PGC-1α and β, related to
mitochondrial biogenesis (1); PHBs; mitoNEET; fusion-fission; mitophagy; FAO and uncoupling by UCPs (2). FGF21, Prdm16 (7) and PGC1-α,
β promote the raise of UCP1 levels, which is also activated by cold exposure and adrenergic stimuli (7), favoring uncoupling and thermogenesis.
The combination of enhanced lipolysis and mitochondrial activity, such as FAO and/or uncoupling enhances WAT energy expenditure, reduces
FFA release to circulation (4) and contributes to white adipocyte browning. In addition, FAO may contribute with ATP generation to feed the
futile cycle (3), which is also responsible for augmented WAT energy expenditure. Altogether, the simultaneous activation of WAT lipolysis,
mitochondrial FAO and the futile cycle, would shift WAT metabolism towards a higher oxidative (BAT-like) profile. (6) Pool of brite preadipocytes can differentiate into white and inactive brown adipocytes (pre-brite). Inactive brown adipocytes can be further activated by cold
exposure, beta adrenergic stimulation, UCP1, Prdm16, FGF21, Irisin, mitochondria biogenesis and then become functional brite adipocytes
(adapted from [153]).

Concluding Remarks and Perspectives
Here we highlight some key points of mitochondrial parameters that exert substantial contribution to white adipocyte metabolism,
from proliferation and adipogenesis to energy balance. They include mitochondria biogenesis, mitophagy, dynamics, FAO and
uncoupling.
There is a growing body of evidences indicating that mitochondrial oxidative metabolism may contribute to enhance WAT
energy expenditure. We infer that compounds that accelerate lipolysis and boost mitochondria FAO would contribute to reduce
circulating FFA as well as TAG levels, implicating in less lipotoxicity, insulin resistance and obesity. Unsaturated fatty acids are
promising molecules for this purpose mainly because they may activate WAT PPAR-α which, in turn, activates lipolysis and
FAO. However, the direct link between increased lipolysis and FAO in adipose tissue is not fully elucidated. We suggest that the
simultaneous activation of WAT lipolysis and mitochondrial FAO would shift WAT metabolism towards a higher oxidative (BATlike) profile. Besides, lipolysis and lipogenesis taking place at similar rates (futile cycle) could synergize this process, leading to
weight loss in a mid-long term.
WAT browning is also a promising pathway to improve WAT energy expenditure, where FFA would be a substrate for UCP1mediated mitochondrial uncoupling and heat generation instead of being stored as TAG. Nevertheless, this concept needs further
clarification, including the elucidation of which WAT depots are more prone for browning and the confirmation (or not) of the
existence of “brite” pre-adipocytes pool.
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Therefore, the investigation of WAT mitochondrial function (and dysfunction) is mandatory for a better understanding of WAT
metabolism and, consequently, for the development of new therapies to improve insulin sensitivity, to treat obesity and related
diseases.
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