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Redox control of non-shivering thermogenesis

Daniele Lettieri-Barbhato

ABSTRACT

Background: Thermogenic adipocytes reorganize their metabolism during cold exposure. Metabolic reprogramming requires readily available
bioenergetics substrates, such as glucose and fatty acids, to increase mitochondrial respiration and produce heat via the uncoupling protein 1 (UCP1).
This condition generates a finely-tuned production of mitochondrial reactive oxygen species (ROS) that support non-shivering thermogenesis.
Scope of review: Herein, the findings underlining the mechanisms that regulate ROS production and control of the adaptive responses tuning
thermogenesis in adipocytes are described. Furthermore, this review describes the metabolic responses to substrate availability and the
consequence of mitochondrial failure to switch fuel oxidation in response to changes in nutrient availability. A framework to control mitochondrial
ROS threshold to maximize non-shivering thermogenesis in adipocytes is provided.

Major conclusions: Thermogenesis synchronizes fuel oxidation with an acute and transient increase of mitochondrial ROS that promotes the
activation of redox-sensitive thermogenic signaling cascade and UCP1. However, an overload of substrate flux to mitochondria causes a massive
and damaging mitochondrial ROS production that affects mitochondrial flexibility. Finding novel thermogenic redox targets and manipulating ROS
concentration in adipocytes appears to be a promising avenue of research for improving thermogenesis and counteracting metabolic diseases.

© 2019 The Author. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Non-shivering thermogenesis refers to the generation of heat by the
body in response to cold stimuli. This physiological process was critical
for the success of the earliest mammals as it allowed for occupation of
cooler niches that could not be inhabited by ectoderms [1,2]. More-
over, adaptive thermogenesis has been proposed to offer to the first
small night active mammals the possibility to avoid the attention of
predators [3,4]. As such, the investigation of the mechanisms un-
derlying non-shivering thermogenesis has been energized by the
discovery of the presence of brown adipose tissue (BAT) in humans [5].
BAT is a mitochondria-rich tissue with high oxidative capacity and,
when fully activated, synchronizes mainly glucose and fatty acids
catabolism to finally dissipate the mitochondrial proton gradient through
uncoupling protein 1 (UCP1 or thermogenin) [6]. It is now known that a
considerable amount of active BAT persists in most adult humans
and likely plays a metabolic homeostatic role that is exerted via a
controlled modulation of nutrient and metabolite catabolism [5—7].
Adrenergically-stimulated BAT consumes large amounts of circulating
fatty acids that are catabolized through mitochondrial 3-oxidation [8]. In
parallel, glucose is taken up and catabolized by stimulated brown ad-
ipocytes, thus impinging mitochondrial oxidative activity through the
partial breakdown in the tricarboxylic acid cycle (TCA) [9,10]. Relative to
BAT’s capacity to massively catabolize glucose and fatty acids during
thermogenesis, glucose (2-deoxy-2-f|uorine-18f|u0ro—D-qucose) and
acetate (”C-acetate) tracers were used to unequivocally demonstrate
the existence of metabolically active BAT in human also in response to
cold exposure [8,11]. As a consequence of its glucose and fatty acids

avidity, BAT has gathered increasing attention as a therapeutic target
for fighting human obesity and related metabolic disorders [12].
Importantly, an inverse relationship between the BAT activity and
adiposity suggests that, by virtue of its dissipating activity, BAT is
protective against body fatness in humans. In particular, retrospective
studies have revealed that BAT amount and activity are lower in in-
dividuals with higher body mass index [7].

For a long time, adipose tissue has been categorized as BAT and white
adipose tissue (WAT) in relation to the function and morphology. In
contraposition to the thermogenic role of BAT, WAT was first recognized
as an energetic sink that liberates stored fatty acids in response to
energetic demands of high oxidative tissues. Specialized cells inter-
spersed in WAT, the so-called beige adipocytes, have been discovered
so far that, in a way similar to brown adipocytes and upon precise
circumstances (e.g. cold exposure, physical exercise, fasting), are
recruited and capable of dissipating energy in the form of heat, thus
contributing to maintenance of systemic energetic homeostasis [13,14].
A white-to-brown conversion is therefore triggered (a process also
named “browning”) that can be recognized by the appearance of UCP1
positive adipocytes finely resembling brown adipocytes [14]. A meta-
bolic switch also characterizes WAT undergoing browning that consists
in the enhancement of mitochondrial mass and oxidative capacity in
adipocytes [15,16]. For this reason, inducing a robust WAT remodeling
towards beige adipocytes and igniting thermogenesis in BAT constitute
promising strategies for interventions aiming at preventing and/or
treating obesity and its metabolic complications. However, further
research is needed to better understand the molecular and metabolic
pathways underlying and modulating these physiological processes.
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Reactive oxygen species (ROS) represent at the same time important
signaling and damaging molecules depending on their concentration
levels [17]. It is now emerging that mitochondria produce ROS during
thermogenesis [18,19]. Moreover, a change in thiol redox state also
occurs with a shift towards pro-oxidizing conditions. Both events are
finely controlled through feedback mechanisms to overwhelm oxida-
tive stress but are mandatory for thermogenesis. Actually, buffering
ROS production or thiol oxidation significantly abrogates cold tolerance
and WAT browning [18,20,21]. BAT thermogenesis is also under the
control of circulating nutrients. In particular, after meal consumption,
BAT activity contributes to production of heat and increases energy
expenditure. By contrast, upon excessive calorie intake, a large
number of oxidizable substrates converge on adipocyte mitochondria
leading to uncontrolled mitochondrial ROS and redox imbalance that
could irreversibly damage their thermogenic machinery.

The purpose of this review is to give a comprehensive framework of
the relationship between ROS/redox status and thermogenesis.
Moreover, going through this review, a new class of redox-sensitive
molecular targets, which may be manipulated to enhance the func-
tion of thermogenic adipose tissue, could be envisaged by the readers.

2. MITOCHONDRIAL ROS AND THERMOGENIC PROGRAM OF
ADIPOSE CELLS

It is worth noting that, besides UCP1-mediated thermogenesis, other
forms of BAT-mediated thermogenesis have been demonstrated to
exist, including creatine [22—24] and lipid cycling [25] as well as
mitochondrial calcium cycling [26]. In line with this, UCP1 has been
shown to be dispensable for thermoregulation in certain congenic
mouse strains [27]. At the molecular level, each molecule of acetyl-
CoA produced by glucose, fat, or amino acid oxidation is accompa-
nied by the generation and delivery of reducing equivalents to the
electron transport chain (ETC) of mitochondria. In activated brown
adipocytes, electron flux throughout the ETC functions to generate heat
by proton-motive force (Ap) dissipation, which is a demand-driven
process mainly regulated by ADP. Indeed, the addition of ADP as an
acceptor for oxidative phosphorylation leads to a decrease in mem-
brane potential and an increase in respiration, while ADP is being
converted into ATP [28,29]. It has been suggested that there are at
least 10 sites that are capable of producing ROS within mitochondria
[30]. The magnitude of ROS production is dependent on both the
concentration of ETC complexes and their redox state. How effectively
these electrons can go through the ETC also depends on the intensity
of Ap generation by the same ETC [31]. Electrons that prematurely
escape from the ETC partially reduce oxygen generating superoxide
anion that is rapidly converted to hydrogen peroxide (H.0,) by su-
peroxide dismutase [32]. It is emerging that mitochondrial ROS are
molecular mediators to support adipocyte thermogenic identity and
function [21,33]. Acute activation of BAT as well as adrenergically-
stimulated adipose cells elevate mitochondrial superoxide production
concomitantly to UCP1-related uncoupled respiration [18]. Recently,
succinate dehydrogenase (SDH) activation was demonstrated to be
involved in the triggering of non-shivering thermogenesis through
mitochondrial ROS production [19]. SDH or mitochondrial complex I
oxidizes succinate to fumarate and reduces ubiquinone, thereby
creating a direct link between the tricarboxylic acid (TCA) cycle and the
respiratory chain. In 1961, it was demonstrated that high succinate
concentrations lead to generation of NADH from NAD+ at complex |,
reducing NAD+ to NADH with electrons received from ubiquinol via
reverse electron transport (RET) [34,35]. Interestingly, RET from
complex Il to complex | was observed to contribute to superoxide

production upon high succinate addition in purified mitochondria
[36,37]. Likely, thermogenically activated adipocytes increase succi-
nate uptake from the bloodstream and selectively accumulate it into
mitochondrial compartment, suggesting that succinate is the genuine
source of thermogenic ROS in brown and beige fat. Of note, higher
circulating succinate levels were detected in obese than lean human
[38]. In brown adipocytes, the treatment with malonate, a competitive
inhibitor of succinate oxidation by the SDH flavin, abrogates both
succinate-dependent ROS production as well as mitochondrial respi-
ration. Remarkably, the inhibition at the SDH Q-site fully block
succinate-dependent respiration, indicating that electron transfer be-
tween SDH and ubiquinone (Q) is required to drive mitochondrial Q-
pool reduction during thermogenesis [19]. Mitochondrial ROS are also
produced by alternative mechanisms to ETC and SDH. Several reports
have indeed demonstrated that the activation of proline dehydrogenase
(PRODH/POX) correlates with mitochondrial ROS production [39,40].
PRODH is a mitochondrial inner-membrane flavoenzyme that catalyzes
the rate-limiting two-electron oxidation of proline to A1-pyrroline-5-
carboxylate (P5C) and the subsequent transfer of reducing equiva-
lents from the reduced flavin cofactor to the ETC [41]. Importantly,
PRODH activity is modulated by metabolic stress such as nutrient
shortage or hypoxia. In white/beige adipose cells, PRODH-derived ROS
act as signaling molecules that improve the flexibility of mitochondria
by dictating fatty acid oxidation and mitochondrial oxidative capacity
[42,43]. Accordingly, impaired mitochondrial ROS production and the
expression of thermogenic as well as lipolytic genes was observed in
PRODH down-regulating adipocytes [42]. Mitochondrial proteomics
data show that components of proline metabolism were significantly
enriched in thermogenic fat cells thus further supporting a role of
PRODH in thermogenic and/or browning program [24]. Furthermore,
PRODH-derived P5C enters into TCA cycle as a-ketoglutarate through
glutamate [44], thus allowing proline to be used to sustain ETC and
anaplerosis during non-shivering thermogenesis. The TCA enzyme o-
ketoglutarate dehydrogenase (o.-KGDH) showed the competence to
generate ROS, which are strongly dependent on the NADH/NAD+- ratio
[45], suggesting that in activated brown adipocytes mitochondrial ROS
may also originate by o-KGDH (Figure 1).

The importance of mitochondrial ROS in thermogenesis is also
highlighted by experiments carried out on adipocyte-specific knock-
out mouse of mitochondrial superoxide dismutase (AdSOD2K0) [46].
Mitochondrial superoxide dismutase (S0D2) is a key enzyme involved
in the dismutation of mitochondrial superoxide to hydrogen peroxide.
The absence of SOD2 in adipose tissue elevated superoxide levels
and showed increased thermogenesis. Moreover, AdSOD2KO also
showed an increased abundance of UCP1 expression in subcutane-
ous adipose tissue, which was associated with elevated mitochon-
drial content [46]. Accordingly, treatment with the mitochondria-
targeted antioxidant MitoQ prior to cold exposure is able to restrain
thermogenesis program [18].

3. THIOL REDOX CHANGES IN THERMOGENESIS

Mitochondrial ROS are now well recognized as signaling molecules
able to modulate reversible oxidation/reduction of critical cysteine
residues within numerous proteins. The redox reactions on protein
thiols affect the activities and/or functions of key thermogenic proteins
in adipocytes [18,20,47]. The importance of thiol redox reactions in
thermogenesis was also demonstrated by experiments carried out on
nuclear factor-erythroid 2-related factor 2 (NRF2) knock-out mice.
NRF-2 is a transcription factor controlling a broad range of ROS and
thiol targeted antioxidant enzymes [48]. NRF2 knock-out mice show a
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Figure 1: Cold exposure induces mitochondrial metabolism reprogramming in adipose cells. Exposure to cool temperatures enhances glucose, fatty acids, and succinate
uptake in brown adipocytes, which boosts tricarboxylic acid cycle (TCA) providing reducing equivalents (NADH and FADH,) and acetyl-CoA. In parallel, intracellular lipolysis helps
funnel fatty acids towards [-oxidation producing additional NADH, FADH,, and acetyl-CoA units. The enhanced metabolite availability is coupled to an increased redox pressure
(high NADH/NAD+, FADH,/FAD+) generating the proton motive force (Ap) and electron transport flux, which are mandatory for heat production through uncoupled respiration (low
AYM). During thermogenesis, the massive oxygen consumption and the low energy production caused by UCP1 activation could activate proline dehydrogenase (PRODH) thus
producing other FADH, molecules that donate electrons to Complex Il (Cl). Under such metabolic circumstance the ubiquinone (Q) receives electrons from complex | (CI) and Cl,
and the electrons mainly leak to produce superoxide from the CI during the oxidation of NADH to NAD+. The consequent, transient production of functional mitochondrial ROS
represents an epiphenomenon of the mitochondrial reprogramming required to sustain thermogenesis. RT: Room Temperature; CT: Cool Temperature; IM: Inner Mitochondrial

Membrane; OM: Outer Mitochondrial Membrane; CM: Cell Membrane; UCP1: Uncoupling Protein 1.

prominent oxidation of thiol molecules and a white-to-brown conver-
sion of adipose cells [49,50]. Furthermore, an increased cysteine thiol
hyperoxidation to SO3~ was observed following both adrenergic
stimulation and succinate treatment [18,19]. Supplementation with
antioxidant N-acetyl cysteine (NAC) reduces adipose protein thiols and
reverses the increased cellular respiration detected in NRF2KO mice
[50]. In line with this evidence, several authors have revealed that the
pharmacological depletion of glutathione (GSH) in mice triggers a
significant reduction of adipose mass [20,51]. Reduced (GSH) and
oxidized (GSSG) glutathione represent the major thiol-disulphide redox
couple within all cell types [52]. Variations in GSH/GSSG towards
oxidizing conditions accompany adipogenesis [53—56]. Interestingly,
all conditions that have been reported to impinge BAT activation and/or
WAT browning (e.g. acute physical exercise, cold exposure, inflam-
mation and cancer) represent per se oxidative stress conditions that

could cause GSH oxidation. More recently, it has been demonstrated
that reducing body GSH levels promotes a rapid body weight and fat
mass loss in mice (within the first day of treatment) that is associated
with the ignition of BAT thermogenesis [20]. Moreover, GSH depletion
promotes the white-to-brown conversion of adipocytes and changes in
bioenergetics similar to canonical thermogenic stimuli. Remarkably,
the increase of cysteine oxidation state through diamide treatment is
sufficient to drive respiration in brown adipocytes [19]. In line with the
beneficial effects associated with a pro-oxidant milieu, the over-
accumulation of GSH in obese was involved in the pathogenesis of
insulin resistance [57].

Notably, UCP1 ~/~ mice are protected against the hypothermic effects
of MitoQ, indicating that mitochondrial ROS are particularly important
for UCP1-dependent thermogenesis [18]. In particular, upon cold
stimulation, UCP1 undergoes sulfenylation of Cys253, thus indicating
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that mitochondrial ROS support thermogenesis by cysteine thiol
oxidation of UCP1 (Figure 2). Limiting UCP1 thiol oxidation through
NAC, a cell-permeable cysteine precursor shown to increase the
intracellular pool of reduced thiols, causes significant decrease in core
body temperature upon cold exposure as well as inhibits the elevation
in oxygen consumption upon B3-adrenergic stimulation in mice [18].
A recent work demonstrated that mice genetically lacking UCP1 show
a dramatic reduction in electron transport chain abundance in brown
fat [58]. In particular, the consequent mitochondrial dysfunction in
brown adipocytes depends on ROS production by reverse electron
transport through complex | and can be rescued by pharmacologic
depletion of ROS levels. Notably, it has been suggested that UCP1
activity contributes to diminish the rate of ROS production (“mild-
uncoupling” hypothesis) ameliorating the mitochondrial flexibility of
brown fat cells [59]. Even though the effects of UCP1 on ROS pro-
duction in brown fat mitochondria is still a debated matter of research,
it has been suggested that ROS may directly activate UCP1, thus
providing a feedback mechanism to avoid overcoming the mitochon-
drial ROS threshold [59,60]. In this scenario, the mitochondrial NAD-
dependent deacetylase Sirt3 could be also involved in the fine mod-
ulation of ROS production in order to maintain thermogenesis in brown
fat cells [61].

4. REDOX SENSITIVE FOX01 AND AMPK IN METABOLIC
REARRANGEMENTS OF THERMOGENIC ADIPOCYTES

The above described findings point to the relevance of mitochondrial
ROS in adipocyte metabolic flexibility that becomes operative through
key molecular sensors. Metabolic flexibility describes the ability of an
organism to respond or adapt according to changes in metabolic or
energy demand [62]. It is widely recognized that dietary restrictions
(e.g. fasting, calorie restrictions) promote the acquisition of a brown-
like phenotype in white adipose cells [21,63,64]. Contrasting results
were observed in human wherein caloric restriction did not trigger the
browning of subcutaneous white adipose tissue in obese individuals
[65]. Such discrepancy could be explained by the fact that, during
obesity, adipose tissue could become refractory to browning due to
metabolic inflexibility of adipocyte mitochondria [62]. The transcription

factor FoxO1 participates in browning by coordinating the
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thermogenic-like response [66,67]. Recent findings revealed that
during nutrient restriction mitochondria increase the production of ROS
that are responsible for the nuclear Fox01 redistribution, which in turn
increases the transcription of mitochondrial ETC complexes (0xPHOS),
a peculiar event of white-to-brown fat cell transition [21]. Notably,
adipose cells lacking Fox01 fail in igniting the metabolic reorganization
of mitochondria upon nutrient restriction or thermogenic stimulus
[42,68]. FoxO1 may facilitate the fatty acid utilization by an induction of
plasma membrane level of the fatty acid translocase FAT/CD36 [69],
which is generally up-regulated in adipocytes during thermogenesis
[70,71]. Similarly, the pleiotropic energy sensor AMP-activated protein
kinase (AMPK) [72] undergoes phospho-activation in thermogenically
activated BAT [73]. AMPK responds to metabolic perturbations, which
mediate the inactivation of Acetyl-CoA carboxylase (ACC) release from
the inhibitory action on carnitine palmitoyltransferase 1 (CPT1), the
rate-limiting enzyme for fatty acids entry into mitochondria for oxida-
tion [74]. As a consequence, the AMPK activators inhibit ACC and
enhance the expression of regulators of mitochondrial biogenesis and
O0xPHOS gene transcripts in BAT [75]. To confirm the role of AMPK in
thermogenic responses of adipose cells, an inducible model for
deletion of the two AMPK [ subunits in adipocytes (i31P2AK0) was
developed that showed cold intolerance and resistance to [3-adren-
ergic activation [76]. Along these lines, adipocyte-specific deletion of
AMPK (AMPKa.-AKO) greatly reduces AMPK activity in both white and
brown adipocytes impairing their thermogenic function [77]. Accord-
ingly, the pharmacological activation of AMPK is able to induce the
browning of white fat cells [78]. 3-adrenergic stimulation increases
AMPK phosphorylation in UCP1 KO adipocytes to the same extent as in
WT adipocytes, indicating that AMPK activation was independent of
energy charge in brown adipocytes and its activation serves as an
alternative thermogenic pathway. It is possible to hypothesize that
AMPK could promote a “futile cycle” that becomes a supportive
metabolic component of non-shivering thermogenesis. Indeed, intra-
cellular free fatty acids can undergo a recycling into triglycerides in
adrenergically stimulated fat cells [79]. Such an event is essential for
the control of fatty acids levels to prevent cellular lipotoxicity [80].
Futile cycles also represent ATP sinks that drive an additional need for
the regeneration of adenosine diphosphate through the mitochondrial
oxidative phosphorylation and give rise to higher metabolic flux
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Figure 2: Thermogenic mitochondrial ROS drive metabolic and molecular pathways in adipocytes. Thermal shift toward cooler temperature leads to a transient production
of mitochondrial ROS that induces FoxO1 nuclear redistribution and AMPK activation. This molecular signaling increases fatty acids availability (increased lipolysis and fatty acids
uptake) to enhance the conductance of UCP1 to H™ sustaining the uncoupled respiration though mitochondrial oxidative flux. The thermogenic action of mitochondrial ROS seems
to be mediated by reversible thiol (—SH) oxidations such as sulfenylation (—SOH) of effector mitochondrial proteins (e.g. UCP1). RT: Room Temperature; CT: Cool Temperature;

GSH: reduced glutathione; GSSG: oxidized glutathione.
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Figure 3: Persistent nutrient overload promotes mitochondrial exhaustion and an uncontrolled ROS production that culminates in a systemic metabolic inflexibility.
Dietary nutrient overload (e.g. fats and carbohydrates excess) enhances mitochondrial redox pressure (high NADH and FADH,) and electron flow. Under such stressful conditions, Q
pool becomes over-reduced, and a high membrane potential drives the reverse transfer of electrons from Q to complex | (Cl) in a process called reverse electron transport (RET).
During RET electrons leak at Cl generating a significant amount of superoxide. Overcoming the functional redox threshold induces mitochondrial oxidative damage in the redox
sensitive proteins (e.g. UCP1), affecting the uncoupled respiration. This could increase the ATP levels, thus slowing-down (negative feed-back) the mitochondria electron transfer
and proton pump. Nutrient overload also causes acetyl-CoA, citrate, NADH, FADH,, and NADPH accumulation, which allosterically inhibits the metabolic checkpoints, i.e. pyruvate
dehydrogenase (PDH), glucose-6-posphate dehydrogenase (G6PDH), and carnitine palmitoyltransferase | (CPT1). Hence, AMPK could be phospho-inactivated and the nuclear FoxO1
could be hyperacetylated (as consequence of NAD+-dependent Sirt1 inhibition). This metabolic and molecular setting could promote the overwhelming of the redox threshold (red
zone), which is causative of cold intolerance, metabolic inflexibility and mitochondrial substrate indecision. This condition leads to a systemic impairment of fuel utilization and
elevation of circulating levels of glucose, fatty acids, and succinate, which represent typical metabolic hallmarks of obesity, type 2 diabetes and aging. IM: Inner Mitochondrial
Membrane; CM: Cell Membrane.
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accompanied by increased heat dissipation [24,79,81,82]. Other work
pointed to an UCP1-independent thermogenesis via calcium cycling in
mitochondria of beige adipocytes that is triggered through a Serca2b-
mediated mechanism [26]; however, ATP-linked respiration was not
shown in the published data, questioning the direct role of Serca2b in
adipose energy turnover.

Several findings have demonstrated that AMPK senses redox
imbalance. Previous reports proposed that AMPK activity responds
to ROS levels by acting on redox sensitive cysteine residues (Cys-
299/Cys-304) on the AMPK o subunit [83]. More recently, mito-
chondrial ROS have been found to promote AMPK activation and
shape AMPK-dependent metabolic reprogramming in both a direct
[84] and indirect manner [85]. Actually, mitochondrial ROS, in
addition to directly oxidizing redox sensitive cysteines, could also
affect mitochondrial ATP production and activate AMPK indirectly.
These findings highlight a physiological role for mitochondrial ROS
in coupling mitochondrial flexibility to AMPK-dependent programs
that help maintain cellular metabolic fitness (Figure 2). However,
even if it has been demonstrated that AMPK responds to mito-
chondrial ROS, this metabolic interaction in the thermogenic pro-
gramming of adipose cells is still lacking.

5. ROS AS FOES OF THERMOGENIC PROGRAM

The physiological picture that accompanies the metabolic and mo-
lecular reprogramming in thermogenically active adipocytes is asso-
ciated with a fine-tuned control of glucose and fatty acids catabolism
leading to the accumulation of reducing equivalents (NADH and
FADH,). This initiates electron flow, proton pumping, and a massive 0o
consumption. The limited ATP synthesis of brown fat cells due to
uncoupled respiration, however, maintains an elevated proton gradient
and electron flux, thus limiting the reducing equivalent (NADH and
FADH,) and substrate (mainly acetyl-CoA) accumulation into mito-
chondria. Meanwhile, as delivery of carbons persists and the level of
excess fuel mounts, the redox pressure increases in the mitochondrial
lumen leading to the inhibition of several TCA enzymes leading to
mitochondrial substrate congestion and risk of metabolic damage. This
phenomenon of blunted fuel switching has now been described during
pathological states such as insulin resistance in which the highest
circulating glucose and free fatty acid levels cause a competition of
substrate (Randle cycle) leading to metabolic inflexibility [86]. The
ensuing mismatch between glucose and fatty acid catabolism and TCA
proceeding promotes acetyl-CoA accumulation into mitochondria. As
such, a limitation at the level of oxaloacetate and/or accumulation of
succinyl-CoA due to amino-acids catabolism adds further pressure on
the expanding mitochondrial pool of acetyl-CoA. Furthermore, the
massive substrate catabolism is also accompanied by NADH and
FADH, accumulation thus generating a massive mitochondrial flux of
electrons feeding directly the coenzyme Q pool, which likely increases
the ratio of reduced to oxidized Q (QH»/Q). In addition, unlike complex I,
entry of electrons into the Q pool is not constrained by the membrane
potential and the oxidation of FADH, and further reduction of the Q pool
proceeds [32]. Under these circumstances, the main escape route for
incoming electrons occurs via the reduction of molecular oxygen and
generation of mitochondrial ROS that could be detrimental at high
levels. Indeed, continuous production of large amounts of mitochon-
drial ROS induces an irreversible oxidative damage to cellular com-
ponents [87], affecting the integrity and plasticity of the metabolic
network. High glucose and lipid levels also converge on acetyl-CoA
production in the cytosol that is then carboxylated and converted to
malonyl-CoA by one of the two isoforms of ACC. Malonyl-CoA

allosterically inhibits carnitine palmitoyliransferase-1 (CPT1), the
gateway for entry of fatty acids into the mitochondrial matrix, thus
restraining [3-oxidation [88]. Furthermore, an accumulation of acetyl-
CoA in overall cellular compartment may force a hyperacetylation of
key metabolic transcription factors such as FoxO1. Indeed, nuclear
acetyl-Fox01 results in a limited transcriptional activity [89] that could
lead to an impairment in the expression of thermogenic and catabolic
genes [90] (Figure 3).

Previous experimental models of rats fed with cafeteria diet for 2
weeks show elevated energy expenditure associated with increased
BAT activity [91]. The temporal association between food con-
sumption and increased metabolic rate has prompted the hypothesis
of a diet-induced thermogenesis as a physiological defense mech-
anism against diet-induced obesity [92,93]. However, even if short
periods of high fat diets are associated with enhanced mitochondrial
activity and thermogenic capacity of BAT [94], a plethora of evidence
has demonstrated that a persistent dietary fat excess leads to a
systemic metabolic perturbation. It was observed that chronic high
fat diets exhaust mitochondrial functionality and massively promote
an uncontrolled mitochondrial ROS production in high oxidative tis-
sues including skeletal muscles [95—97] and BAT [98,99]. These
results are in line with studies linking ROS-mediated mitochondrial
dysfunctions to the metabolic perturbations observed during aging
and type 2 diabetes [100,101] and with data showing that anti-
oxidant NAC supplementation in obese mice improves oxygen con-
sumption in body fat [102].

6. CONCLUDING REMARKS

A pathological and an uncontrolled mitochondrial ROS production such
as that occurring upon high fat/calorie dietary patterns seem to be a
causal factor of mitochondrial damage and impairment of thermogenic
function in adipocytes. Such mitochondrial damage is associated with
a systemic metabolic resilience characterized by increased circulating
levels of energetic substrates (e.g. glucose, fatty acids and succinate)
that represent a typical metabolic footprint of obesity and its related
pathologies (e.g. type 2 diabetes). It is interesting that ROS also in-
crease in a physiological range during caloric restriction, implying that
ROS levels vary depending on the state of caloric intake as previously
reviewed [43]. Once thought exclusively as damaging molecules, ROS,
especially those physiologically produced by mitochondria, are now
becoming increasingly appreciated for their integral role in cell
signaling. Mitochondrial ROS are critical in driving UCP1-dependent
adaptive thermogenesis in adipocytes in response to mild stressful
conditions such as exposure to cool temperature or nutrient limitation
(e.g. fasting, calorie restrictions). Limiting mitochondrial ROS pro-
duction through genetic or pharmacological approaches blunts non-
shivering thermogenesis in adipocytes; conversely, favoring
controlled mitochondrial ROS production or shifting thiol redox equi-
librium towards less reducing conditions ignites thermogenesis with
favorable effects on body weight and systemic metabolism. Overall,
this evidence underscores the strong effect of ROS modulation and
redox changes on the thermogenic capacity of adipocytes. Therefore,
finding novel redox targets that may be manipulated to limit oxidative
damage or enhance the function of thermogenic adipose tissue rep-
resents a promising avenue of research for the development of anti-
obesity and anti-diabetic drugs.
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