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Uncoupling proteins (UCP1, UCP2 and UCP3) are important in regulating cellular fuel metabolism and as
attenuators of reactive oxygen species production through strong or mild uncoupling. The generic function
and broad tissue distribution of the uncoupling protein family means that they are increasingly implicated in
a range of pathophysiological processes including obesity, insulin resistance and diabetes mellitus,
neurodegeneration, cardiovascular disease, immunity and cancer. The significant recent progress describing
the turnover of novel uncoupling proteins, as well as current views on the physiological roles and regulation
of UCPs, is outlined.
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1. Introduction

Mitochondria are the centre of metabolism in cells, coupling the
oxidation of substrates to ATP synthesis by an electrochemical proton
gradient. Varying this protonmotive force allows for adjustments in
energy metabolism to maintain metabolic homeostasis. For this
reason, the coupling of substrate oxidation is incomplete, as protons
can leak across the mitochondrial inner membrane independently of
ATP production. This unregulated futile proton conductance is of
considerable physiological relevance, as it can account for as much as
20–70% of cellular metabolic rate depending on cell type [1,2]. A
majority of proton leak can be strictly attributed to the abundance, but
not activity, of mitochondrial carrier proteins such as the adenine
nucleotide translocase (ANT) and, in brown adipose tissue (BAT),
uncoupling protein 1 (UCP1) [3,4].

Importantly, the regulation of proton leak allows for responses to
fluctuations in energy demands and controls energy transduction to
maintain cellular homeostasis and body function. The first proton leak
mechanism was identified in BAT, where UCP1-catalysed proton
conductance generates heat to defend body temperature during cold
acclimation [5]. Sequence similarity allowed the identification of its
paralogous proteins UCP2 and UCP3 [6,7]. These UCPs do not contribute
to basal proton conductance in vitro in the absence of specific activators
[8].When activated, however, all UCPs (including avian and plant UCPs)
can catalyse proton leak [9]. The precise mechanisms of activation and
inhibition of both UCP2 and UCP3, as well as their physiological role,
remain uncertain [10,11]. There has been considerable recent progress,
however, in understanding the transcriptional and translational
regulation that implicates UCP2 and UCP3 in adaptation to nutritional
status and oxidative stress. More recently, the unique dynamic
regulation of UCP2 reveals a new mechanism for the regulation of
mitochondrial energy metabolism by the novel UCPs.

2. Acute activation of uncoupling protein activity

UCP1 activity is highly regulated at the molecular level by small
molecules. It is inhibited by physiological concentrations of purine
nucleoside di- and tri-phosphates and stimulated when fatty acids
overcome nucleotide inhibition [12].

How fatty acids activate the net protonophoric activity of UCP1 is still
debated. Broadly, there are three models that can explain the
dependence on fatty acids. In the first, fatty acids act as co-factors by
embedding their carboxyl groups in the core of the protein to bind and
release protons as they access amino acid side chains during transport
[13]. Evidence that UCP1 can translocate chloride and fatty acid anions
suggests a second model. In this mechanism, protonated fatty acids
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freelydiffuse across themitochondrial innermembrane. ThepHgradient
promotes their dissociation into fatty acid anions in the matrix, and the
fatty acid anions are then exported fromthematrix byUCP1 [14]. Thenet
activity results in proton conductance across the inner membrane,
though in this model UCP1 itself does not translocate protons. Thirdly,
fatty acids themselvesmaynot bedirectly required for UCP1 activity, but
instead act as allosteric activators by promoting a conformation of the
protein that is protonophoric (or that translocates hydroxide ions), since
fatty acids and nucleotides appear to affect proton conductance in a
manner described by simple competitive kinetics [15,16].

It remains unclear to what extent UCP2 and UCP3 are subject to the
same acute molecular regulation as UCP1 (and the extent to which
they share the same mechanism of uncoupling). Although they lack
sequence homology in a matrix-localised region reportedly critical for
fatty acid activation of UCP1 [17], proteoliposome studies show that
UCP2 and UCP3 have similar fatty acid-activated proton conductance
and purine nucleotide inhibition as UCP1 [18–20]. One difficulty has
been the inability to directly compare UCPs in mitochondria, since
UCP2 and UCP3 are expressed in different tissues and at hundred-fold
lesser amounts than UCP1 [21–23]. Another difficulty relates to the
fact that GDP has been shown to inhibit uncoupling via ANT [24,25] as
well as by the UCPs. This complicates the calculations of UCP-
mediated proton leak in tissues that express different amounts of UCP
and ANT when activity is defined as GDP-sensitive uncoupling.

There is evidence that superoxide, both exogenous [26] and
endogenous [27], and lipid peroxidation products such as hydro-
xynonenal [25,28,29] can activate uncoupling by all three UCPs,
suggesting a model in which superoxide reacts with membrane
phospholipids to generate the proximal activator, hydroxynonenal
[28,30]. The physiological relevance of this model, which has not been
reproduced in all laboratories, remains controversial [10,31–33].

3. Role and regulation of uncoupling proteins

The archetypal uncoupling protein, UCP1, is best known for its role
in adaptive non-shivering thermogenesis and control of body weight,
whereby a cold stimulus or over-feeding results in sympathomimetic
stimulation of β3-adrenergic receptors in BAT. This leads to upregula-
tion of Ucp1 mRNA expression via a BAT-specific enhancer box [34],
activation of UCP1 by fatty acids [35] produced from lipolysis [36], and
the transduction of the mitochondrial protonmotive force into heat
[37]. Indeed Ucp1 knockout results in the absence of non-shivering
thermogenesis [38], loss of cold tolerance [39] and appearance of
obesity at thermoneutrality [40]. Beyond thermogenesis, the role of
UCP1 in thymus [41,42] and in ectotherms [43] remains speculative.

The UCP1 paralogues, UCP2 and UCP3, probably evolved from a
duplication event in vertebrates. This is supported by their juxtapo-
sition in the genome and their high sequence identity with each other
(72–74% from fish to mammals). Sequence analysis shows that unlike
UCP1, UCP2 and UCP3 are under strong purifying selection, suggesting
that they have not changed function during evolution [44].

The literature varies on whether or not UCP2 and UCP3 are
upregulated in response to cold in various organisms and tissues [45–
47], but they are not thought to be significantly thermogenic [48],
primarily because of their low abundance. However, rodent UCP3 can
participate in thermogenesis under particular conditions [49,50].
UCP2 and UCP3 are also upregulated in response to starvation, and
have been linked with a number of processes including insulin
secretion from pancreatic β-cells [51] and insulin resistance [52] in
peripheral tissues, as well as modulation of reactive oxygen species
production and immune responses [10,53–55].

3.1. UCP2 function

An ever-increasing number of studies highlight the significance of
UCP2 in a broad range of physiological and pathological processes,
including cytoprotection [55–58], immune cell modulation [53,59]
as well as the regulation of glucose sensing in the brain [60] and
pancreas [51].

In thymocytes [61] and the intact INS-1E pancreatic β-cell model
[62], UCP2 decreases the coupling between substrate oxidation and
ATP production. Since mitochondrial ROS production is highly
sensitive to decreases in protonmotive force [63–65], UCP2-mediated
dissipation of the mitochondrial membrane potential and pH gradient
results in decreased reactive oxygen species production [66,67],
particularly during reverse electron transport [65].

In glucose-sensing cells in the pancreas and brain, UCP2 attenuates
insulin secretion, likely acting in two ways. By lowering the coupling
efficiency of oxidative phosphorylation, UCP2 decreases the ATP/ADP
ratio, resulting in the decreased stimulation of KATP channels and
lowered insulin secretion [51,68]. It may also function by decreasing
ROS production [67], which is important signal in glucose-sensing
systems [69,70].

As well as improving the diabetic phenotype via increased insulin
secretion [51], UCP2 downregulation also improves insulin resistance
in peripheral tissues such as white adipose [71]. Although much work
indicates that UCP2 exacerbates the diabetic phenotype, recent work
from the Collins group suggests that this effect is dependent on
genetic background, and that the chronic absence of UCP2 causes
persistent oxidative stress in general and impairs β-cell function [72].
However, it is unlikely that these findings simply invalidate all
previous work demonstrating attenuation of glucose-stimulated
insulin secretion by UCP2. For example, acute in vivo knockdown of
UCP2 using antisense oligonucleotides in two animal models of
diabetes and insulin resistance causes a significant improvement in
insulin secretion and enhanced whole-body sensitivity to insulin [73].
In the light of the cytoprotective effects conferred by UCP2, however,
Pi et al. [72] question the validity of the approach of inhibiting UCP2
function in order to improve glucose-stimulated insulin secretion in
diabetes [74]. Numerous studies have shown that by attenuating
oxidative stress, UCP2 promotes cell survival in pancreaticα- [58] and
β- [55] cells and in neurones [57], and can regulate colon tumour
formation [75] and atherosclerosis [56,76].

Newell and colleagues propose an interesting hypothesis in which
a cell's ability to efficiently metabolise fat confers immune privilege.
Specifically, they suggest that UCP2 is a part of the mechanism
controlling the change from one metabolic strategy (glucose
metabolism) to another (primarily lipid metabolism), and by doing
this, UCP2 plays a role in preventing immune-mediated pathology
[54,77]. This, of course, is in line with the cytoprotective effect of UCP2
described earlier. Bouillaud has recently proposed that this function
could be explained by a uniport for anionic pyruvate that lowers the
preference for pyruvate oxidation as membrane potential increases
[78]. However, this hypothesis has yet to be experimentally verified
and remains speculative.

3.2. Regulation of UCP2 concentration

UCP2 regulation occurs in a concerted manner by modulation of
protein activity and protein content. Ligands (such as fatty acids and
ROS derivatives) that stimulate UCP2 catalytic activity in isolated
mitochondria [11] may also play a role in upregulating UCP2 content
[79].

In hyperglycaemia and hyperlipidaemia, as occurs in diabetes
mellitus, Ucp2 gene transcription is activated by key regulatory
proteins such as peroxisome proliferator-activated receptors (PPARs),
forkhead transcription factors, and sterol regulatory element-binding
protein-1c (SREBP-1c) [80]. Sirt1, a protein that has been implicated
in metabolic stress resistance, suppresses the function of these
proteins, thus decreasing Ucp2 expression and promoting insulin
secretion [81]. Additionally, reactive oxygen species and their
products have been implicated in the upregulation of UCP2
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expression, resulting in cellular defence via a negative feedback loop
that decreases ROS production [82,83], although a direct interaction of
ROS with ROS-responsive elements upstream of UCPs has never been
demonstrated.

Ucp2 is also translationally regulated by an inhibitory upstream
open reading frame (ORF) [84], which, when mutated, results in
maximal Ucp2 mRNA translation [84]. Glutamine, an amino acid that
has been implicated in the insulin secretion pathway [85], overcomes
ORF inhibition and increases Ucp2 translation efficiency [86].

Recently we showed that in INS-1E pancreatic β-cells, UCP2 levels
are dynamically regulated in response to nutrient supply, and this
rapid fluctuation in content is permitted by variable synthesis rates
coupled with rapid degradation [87]. Regulation of turnover is further
discussed in Section 4.

3.3. UCP3 function

UCP3 tissue-specificity has been maintained during evolution: it is
specific to skeletal muscle, although in mammals, notable protein
levels are also found in BAT [7].

In mammals, cold-induced expression initially led to the conclu-
sion that UCP3 may mediate thermogenesis in the same way as UCP1
[88]. However, the apparent upregulation during fasting and the lack
of change in body temperature of Ucp3-ablated mice argue for no
physiological thermogenic role for mammalian UCP3 [89,90]. None-
theless, there is evidence that UCP3may be involved in thermogenesis
of some description, albeit not as its main function. Nau et al. have
recently shown that a selective lack of UCP3 in BAT impairs non-
shivering thermogenesis [50]. Other evidence points to this role of
UCP3 in muscle: pharmacological intervention using the drug MDMA
(3,4-methylenedioxymethamphetamine) in Ucp3-ablated mice
results in a diminished thermogenic response [49]. These data do
not necessarily suggest that UCP3 is directly involved in thermogen-
esis, but that it may, by currently unknownmechanisms, be necessary
for the machinery that is. Additionally, there is a body of work
showing that increased UCP3 levels do not always result in increased
uncoupling [91], and work from our laboratory has reached the same
conclusion [92]. As changes in protein concentration do not
necessarily result in concomitant increases in protein activity [93],
caution is required when interpreting these data.

Protection from ROS has been suggested as a putative role for
UCP3. In this model, the protein can be activated with endogenous
[27] and exogenous superoxide [26] as well as lipid peroxidation
products [30], dissipating mitochondrial membrane potential and
decreasing ROS production [64]. This theory is supported by work
showing that UCP3 neutralises protein oxidation in skeletal muscle
[94] and may mitigate ROS production during exercise [95].
Furthermore, UCP3 knockout mice have higher oxidative damage
[96] and UCP3 over-expressing mice have reduced ROS production
during aging [97].

Other work has suggested that UCP3 is involved in fatty acid
metabolism. UCP3 over-expression has been shown to increase fatty
acid transport and oxidation [98]. The hypothesis that UCP3
physiologically functions as a fatty acid transporter [99,100] has
recently been refuted by Seifert et al., who found that whilst UCP3was
necessary for the fasting-induced enhancement of fatty acid oxidation
rate and capacity via mitigated mitochondrial oxidative stress, UCP3
was not itself a fatty acid transporter [101].

In addition to increased fatty acid oxidation and reduced ROS
production, UCP3 over-expressing mice also have decreased diet-
induced obesity [102] and are protected against insulin resistance.
Insulin resistance in peripheral tissues, in particular skeletal muscle, is
a major cause of type 2 diabetes mellitus [52]. Type 2 diabetes can be
promoted by obesity and aging, which on the cellular level broadly
equates to impaired fatty acidmetabolism and oxidative damage from
uncontrolled ROS production.
PPAR agonists such as rosiglitazone have been successfully used to
treat insulin resistance. UCP3 expression is upregulated in response to
PPAR stimulation, and UCP3 has been suggested as a potential
therapeutic target to treat insulin resistance in skeletal muscle by
dissipating energy of fat storage. Treatment of human patients with
rosiglitazone upregulates UCP3 expression and improves insulin
resistance in diabetic patients [103]. Although this effect can be
explained by burning of excessive fats by mitochondrial uncoupling
[104], some groups suggest that this occurs via a mechanism other
than uncoupling [105,106], although the nature of this mechanism
remains unspecified.

3.4. Regulation of UCP3 concentration

Although non-mammalian UCP3 has not been investigated
extensively, fasting-induced gene expression appears conserved
among vertebrates from fish and birds to mammals [46].

Coordinated Ucp3 expression by fasting, cold, or high fat diet
requires transcription factor binding to the Ucp3 promoter region.
MyoD and PPAR elements are responsible for muscle specificity and
fatty acid responsiveness [107]. A region 1500 base pairs upstream
from the Ucp3 promoter that drives BAT-specific expression was
recently found [108]. A role for UCP3 in thyroid metabolism has also
been suggested [109] and, indeed, an active thyroid hormone
response element was identified in the proximal promoter region of
Ucp3 [110]. The stimulation of Ucp3 transcription by hormones that
regulate energy expenditure and fat metabolism in skeletal muscle
suggests (in line with other work) that UCP3 itself may also be
involved in these processes. Ucp3 transcription is well studied, but
nothing is known about Ucp3 mRNA translation efficiency. However,
similar to Ucp2, there are pseudo-start codons in the Ucp3 5′UTR that
can putatively trap ribosomes (MJ, unpublished data).

UCP3 activity can be further modulated via protein-protein
interactions, activating/inhibiting ligands and by proteolysis. Specu-
latively, stress-responsive genes such as those of the 14.3.3 family
have been implicated as having protein-protein interactions with
UCP2 and UCP3, but not with UCP1 [111]. Although the biochemical
significance of this interaction remains sketchy, it raises the question
as to whether or how they are involved in UCP2 and UCP3 regulation.

Recently, we have made some headway in describing UCP3
turnover, which is more similar to UCP2 in half-life and mechanism
of degradation than it is to UCP1 (discussed in Section 4). A non-
exhaustive summary of UCP regulation is shown in Fig. 1.

4. Turnover of uncoupling proteins

Despite the fact that proteolysis is important in controlling overall
levels of any given protein, the issue of UCP half-life and turnover has
remained surprisingly neglected in the field, being described well
over ten years after the discovery of each of the UCP homologues.

UCP1 half-life in BAT is in the order of hours to days and is
significantly increased by administration of noradrenaline, which also
upregulates UCP1 synthesis [112]. However, the mechanism of
turnover remained uncertain until Desautels and colleagues showed
that the proteolytic rates of other mitochondrial proteins parallel
those for UCP1, and that the half-lives of UCP1 and other mitochon-
drial proteins are delayed by lysosomal inhibition [113,114].

The half-life and turnover mechanism of UCP1 differs from that
of its homologues UCP2 and UCP3. These both have unusually short
half-lives, which are at least an order of magnitude lower than that
for UCP1. UCP2 has a half-life of one hour in a range of tissues [83,115],
including pancreatic β-cell models [87]. We showed that this
rapid half-life is not a general feature of mitochondrial inner mem-
brane proteins like ANT, and is not recapitulated in isolated ener-
gised mitochondria, suggesting that an extramitochondrial factor
may be required for efficient UCP2 degradation [87]. We further



Fig. 1. Mammalian UCP gene expression and activity is regulated at multiple steps. Stimuli such as cold and over-feeding activate sympathomimetic pathways that act on the UCP1
enhancer box (2.5 kb upstream), thereby increasing Ucp1 gene expression in BAT. These pathways also increase lipolysis resulting in fatty acids that stimulate UCP1 catalytic activity.
Inhibition of lysosomal pathways that degrade UCP1 also contribute to optimising UCP1-mediated thermogenesis. UCP2 appears in various tissues. Its gene expression is regulated
by various nutrients and cytokines/immunomodulators, which act via PPAR and SREBP at the transcription level. Translation efficiency is regulated by either the upstream ORF
or pseudo-start codons in the 5′UTR, and this region appears to be responsive towards glutamine. UCP3 is targeted to skeletal muscle by coordination of PPAR and theMyoD element.
A 1.5 kb upstream element controls BAT-specific expression. PPAR elements may transmit information about changes in fatty acid metabolism to Ucp3 gene expression. The
transcription factor ATF1 appears to regulate hypoxic-induced regulation of UCP3 while TREs mediate response to thyroid hormone. Translation efficiency has not been studied, but
there are pseudo-start codons in the 5′UTR, putatively trapping ribosomes. UCP2 and UCP3 (but not UCP1) are rapidly turned over by the cytosolic proteasome.

Fig. 2.Models of UCP2 degradation. In model A, UCP2 is ubiquitinated by an unidentified putative E3 ligase (A2) and unfolded from the mitochondrial inner membrane by processes
that may be ATP- or Δψ-dependent. At the mitochondrial outer membrane, the proteasome, perhaps tethered by FKBP8, recognises polyubiquitinated UCP2 (A4) and participates in
its extraction frommitochondria in an ATP-dependent fashion, whereby the protein is subsequently degraded by the peptidase activity of the proteasome core (A5). However, firstly
it remains unknown whether UCP2 can be ubiquitinated whilst still residing inside mitochondria: there are no known intramitochondrial E3 ligases, and it is widely believed that
mitochondrially associated E3 ligases reside in the outer membrane and ubiquitinate proteins on the cytosolic face of mitochondria. Secondly, the speculative nature of model A also
extends to the formation ofmitochondrial inner and outermembrane contact sites (A3). Since there is evidence that the proteasomemay be required for direct removal of UCP2 from
mitochondria [116], the contact site feature was modelled to describe how the cytosolic proteasome might gain access to UCP2 given the interposition of the mitochondrial outer
membrane. An alternativemodel B to explain the data from [116] is that amitochondrial process ejects UCP2 only as far out as themitochondrial outer membrane (B2), whereupon it
is ubiquitinated by cytosolic-facing outer membrane-associated E3 ligases (B3), then retrotranslocated by the proteasome (B4) before being degraded in the cytosol (B5).
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demonstrated that this extramitochondrial factor is the cytosolic
proteasomal machinery [116]. Use of proteasome inhibitors, ubiquitin
mutants and a novel cell-free reconstituted system showed that cy-
tosolic proteasomal function is required for rapid UCP2 degradation in
cells and in isolatedmitochondria [116]. How this cytosolicmachinery
accesses inner membrane residing UCP2 despite the interposition
of the mitochondrial outer membrane remains unknown, but our
working models of how this might be achieved are shown in Fig. 2.

Using the same techniques, we found that UCP3 also has a half-life
of between 1 and 4 h [117]. In contrast to UCP2 and UCP3, UCP1 and
ANT had much longer half-lives and could not be degraded in the cell-
free reconstituted system, suggesting their degradation is not
mediated by the cytosolic proteasome [117].

We postulate that this fast turnover allows for rapid variations in
UCP2 [87] and UCP3 levels in response to changes in nutrient fluxes,
and the proteolytic pathway via the proteasome may allow the rapid
regulation of these proteins in concert with other proteins involved in
the same pathways. For example, in the pancreatic β-cell, the
ubiquitin-proteasome system is responsible for regulating levels of
other members of the insulin secretion pathway [118–120].

It is interesting to note that UCP1 protein levels are regulated by
modulation of the synthesis and degradation in a concerted fashion [121].
The question arises as to whether UCP2 and UCP3 levels are also
controlled in a concerted manner. Giardina et al. suggested that ROS not
only increase UCP2 transcription but may also slow degradation [83].
However, we showed that the latter is in fact a confounding observation
because only bioenergetic manipulations that increase ROS and simulta-
neously dissipate ATP and mitochondrial membrane potential result in
slowing of UCP2 turnover [116]. This is not entirely unexpected since the
proteasome-mediated degradation is ATP-dependent. Other thanmanip-
ulation of ATP and mitochondrial membrane potential, to date, we have
yet to find conditions that affect the rate of UCP2 degradation.

Interestingly, the literature suggests that cellular proteolysis via
the proteasome increases under catabolic conditions [122], which
promote upregulation of UCP2 and UCP3. As such, UCP2 and UCP3
may be subject to constant rapid turnover, with variable expression
being dependent primarily on rates of synthesis. It would be
noteworthy to further examine whether regulators of UCP2 tran-
scription or translation can also influence turnover, as this remains an
alternative possibility.

5. Concluding remarks

There is abundant evidence that UCPs are important metabolic
regulators in permitting fat oxidation and in attenuating free radical
production. Their levels and activity are regulated by modulators of
cellular metabolism at multiple points, including transcription,
translation, modulation of catalytic activity and protein degradation.
Although UCP2 and UCP3 are not responsible for adaptive thermo-
genesis, they can, nevertheless be thermogenic when activated by
appropriate effectors. Their broad effects on coupling efficiency, ROS
production and fatty acid metabolism increasingly implicate them in
body-wide pathology and physiology, making them prospective drug
targets for the treatment of obesity, atherosclerosis, diabetes, immune
disorders and neurodegenerative conditions. Intricate knowledge of
UCP regulation and turnover, however, is only just beginning to
materialise, and much work is required before we are able to develop
therapies with maximal benefit and minimal side effects.

Acknowledgements

This work was supported by the Medical Research Council (UK)
(VA, MDB), the School of Clinical Medicine, University of Cambridge
(UK) (VA), the Deutsche Forschungsgemeinschaft (JA 1884/2-1)
(MJ), a British Marshall Scholarship and National Science Foundation
Graduate Research Fellowship (ASD), and the National Institutes of
Health (USA) (P01 AG025901, PL1 AG032118, P30 AG025708 and R01
AG033542), the W.M. Keck Foundation, and The Ellison Medical
Foundation (AG-SS-2288-09) (MDB).

References

[1] C. Affourtit, M.D. Brand, Stronger control of ATP/ADP by proton leak in
pancreatic beta-cells than skeletal muscle mitochondria, Biochem. J. 393
(2006) 151–159.

[2] D.F.S. Rolfe, M.D. Brand, The physiological significance of mitochondrial proton
leak in animal cells and tissues, Biosci. Rep. 17 (1997) 9–16.

[3] M.D. Brand, J.L. Pakay, A. Ocloo, J. Kokoszka, D.C. Wallace, P.S. Brookes, E.J.
Cornwall, The basal proton conductance of mitochondria depends on adenine
nucleotide translocase content, Biochem. J. 392 (2005) 353–362.

[4] N. Parker, P. Crichton, A.J. Vidal-Puig, M.D. Brand, Uncoupling protein-1 (UCP1)
contributes to the basal proton conductance of brown adipose tissue
mitochondria, J. Bioenerg. Biomembr. 4 (2009) 335–342.

[5] G.M. Heaton, R.J. Wagenvoord, A. Kemp, D.G. Nicholls, Brown-adipose-tissue
mitochondria: photoaffinity labelling of the regulatory site of energy dissipation,
Eur. J. Biochem. 82 (1978) 515–521.

[6] C. Fleury, M. Neverova, S. Collins, S. Raimbault, O. Champigny, C. Levi-Meyrueis,
F. Bouillaud, M.F. Seldin, R.S. Surwit, D. Ricquier, C.H. Warden, Uncoupling
protein-2: a novel gene linked to obesity and hyperinsulinemia, Nat. Genet. 15
(1997) 269–272.

[7] O. Boss, S. Samec, A. Paoloni-Giacobino, C. Rossier, A. Dulloo, J. Seydoux, P.
Muzzin, J.P. Giacobino, Uncoupling protein-3: a new member of the mitochon-
drial carrier family with tissue-specific expression, FEBS Lett. 408 (1997) 39–42.

[8] S. Cadenas, K.S. Echtay, J.A. Harper, M.B. Jekabsons, J.A. Buckingham, E. Grau, A.
Abuin, H. Chapman, J.C. Clapham, M.D. Brand, The basal proton conductance of
skeletal muscle mitochondria from transgenic mice overexpressing or lacking
uncoupling protein-3, J. Biol. Chem. 277 (2002) 2773–2778.

[9] M.D. Brand, C. Affourtit, T.C. Esteves, K. Green, A.J. Lambert, S. Miwa, J.L. Pakay, N.
Parker, Mitochondrial superoxide: production, biological effects, and activation
of uncoupling proteins, Free Radic. Biol. Med. 37 (2004) 755–767.

[10] M.D. Brand, T.C. Esteves, Physiological functions of themitochondrial uncoupling
proteins UCP2 and UCP3, Cell Metab. 2 (2005) 85–93.

[11] T.C. Esteves, M.D. Brand, The reactions catalysed by the mitochondrial
uncoupling proteins UCP2 and UCP3, Biochim. Biophys. Acta 1709 (2005) 35–44.

[12] D.G. Nicholls, A history of UCP1, Biochem. Soc. Trans. 29 (2001) 751–755.
[13] M. Klingenberg, E. Winkler, The reconstituted isolated uncoupling protein is a

membrane potential driven H+translocator, EMBO J. 4 (1985) 3087–3092.
[14] K.D. Garlid, D.E. Orosz, M. Modrianský, S. Vassanelli, P. Jezek, On the mechanism

of fatty acid-induced proton transport by mitochondrial uncoupling protein,
J. Biol. Chem. 271 (1996) 2615–2620.

[15] E. Rial, E. Aguirregoitia, J. Jiménez-Jiménez, A. Ledesma, Alkylsulfonates activate
the uncoupling protein UCP1: implications for the transport mechanism,
Biochim. Biophys. Acta 1608 (2004) 122–130.

[16] I. Shabalina, A. Jacobsson, B. Cannon, J. Nedergaard, Native UCP1 displays simple
competitive kinetics between the regulators purine nucleotides and fatty acids,
J. Biol. Chem. 279 (2004) 38236–38248.

[17] M. Bienengraeber, K.S. Echtay, M. Klingenberg, H+ transport by uncoupling
protein (UCP-1) is dependent on a histidine pair, absent in UCP-2 and UCP-3,
Biochemistry 37 (1998) 3–8.

[18] K.S. Echtay, E. Winkler, K. Frischmuth, M. Klingenberg, Uncoupling proteins 2
and 3 are highly active H transporters and highly nucleotide sensitive when
activated by coenzyme Q (ubiquinone), Proc. Natl. Acad. Sci. U. S. A. 98 (2001)
1416–1421.

[19] M. Zackova, P. Jezek, Reconstitution of novel mitochondrial uncoupling proteins
UCP2 and UCP3, Biosci. Rep. 22 (2002) 33–46.

[20] C. Affourtit, P.G. Crichton, N. Parker, M.D. Brand, Novel uncoupling proteins,
Novartis Found Symp. 287 (2007) 70–80 discussion 80–91.

[21] C. Pecqueur, M.C. Alves-Guerra, C. Gelly, C. Lévi-Meyrueis, E. Couplan, S. Collins,
D. Ricquier, F. Bouillaud, B. Miroux, Uncoupling protein 2, in vivo distribution,
induction upon oxidative stress, and evidence for translational regulation, J. Biol.
Chem. 276 (2001) 8705–8712.

[22] J.A. Stuart, J.A. Harper, K.M. Brindle, M.B. Jekabsons, M.D. Brand, Physiological
levels of mammalian uncoupling protein 2 do not uncouple yeast mitochondria,
J. Biol. Chem. 276 (2001) 18633–18639.

[23] J.A. Harper, J.A. Stuart, M.B. Jekabsons, D. Roussel, K.M. Brindle, K. Dickinson, R.B.
Jones, M.D. Brand, Artifactual uncoupling by uncoupling protein 3 in yeast
mitochondria at the concentrations found in mouse and rat skeletal-muscle
mitochondria, Biochem. J. 361 (2002) 49–56.

[24] L.S. Khailova, E.A. Prikhodko, V.I. Dedukhova, E.N. Mokhova, V.N. Popov, V.P.
Skulachev, ParticipationofATP/ADPantiporter inoleate- andoleatehydroperoxide-
induced uncoupling suppressed by GDP and carboxyatractylate, Biochim. Biophys.
Acta 1757 (2006) 1324–1329.

[25] N. Parker, C. Affourtit, A.J. Vidal-Puig, M.D. Brand, Energization-dependent
endogenous activation of proton conductance in skeletal muscle mitochondria,
Biochem. J. 412 (2008) 131–139.

[26] K.S. Echtay, D. Roussel, J. St-Pierre, M.B. Jekabsons, S. Cadenas, J.A. Stuart, J.A.
Harper, S.J. Roebuck, A. Morrison, S. Pickering, J.C. Clapham, M.D. Brand,
Superoxide activates mitochondrial uncoupling proteins, Nature 415 (2002)
96–99.

[27] D.A. Talbot, N. Hanuise, B. Rey, J.L. Rouanet, C. Duchamp, M.D. Brand, Superoxide
activates a GDP-sensitive proton conductance in skeletal muscle mitochondria



790 V. Azzu et al. / Biochimica et Biophysica Acta 1797 (2010) 785–791
from king penguin (Aptenodytes patagonicus), Biochem. Biophys. Res. Commun.
312 (2003) 983–988.

[28] K.S. Echtay, T.C. Esteves, J.L. Pakay, M.B. Jekabsons, A.J. Lambert, M. Portero-Otin,
R. Pamplona, A.J. Vidal-Puig, S. Wang, S.J. Roebuck, M.D. Brand, A signalling role
for 4-hydroxy-2-nonenal in regulation of mitochondrial uncoupling, EMBO J. 22
(2003) 4103–4110.

[29] T.C. Esteves, N. Parker, M.D. Brand, Synergy of fatty acid and reactive alkenal
activation of proton conductance through uncoupling protein 1 in mitochondria,
Biochem. J. 395 (2006) 619–628.

[30] M.P. Murphy, K.S. Echtay, F.H. Blaikie, J. Asin-Cayuela, H.M. Cocheme, K. Green, J.A.
Buckingham, E.R. Taylor, F. Hurrell, G. Hughes, S. Miwa, C.E. Cooper, D.A.
Svistunenko, R.A. Smith, M.D. Brand, Superoxide activates uncoupling proteins by
generating carbon-centered radicals and initiating lipid peroxidation: studies using
amitochondria-targeted spin trap derived from alpha-phenyl-N-tert-butylnitrone,
J. Biol. Chem. 278 (2003) 48534–48545.

[31] E. Couplan, M. del Mar Gonzalez-Barroso, M.C. Alves-Guerra, D. Ricquier, M.
Goubern, F. Bouillaud, No evidence for a basal, retinoic, or superoxide-induced
uncoupling activity of the uncoupling protein 2 present in spleen or lung
mitochondria, J. Biol. Chem. 277 (2002) 26268–26275.

[32] B. Cannon, I.G. Shabalina, T.V. Kramarova, N. Petrovic, J. Nedergaard, Uncoupling
proteins: a role in protection against reactive oxygen species-or not? Biochim.
Biophys. Acta 1757 (2006) 449–458.

[33] D.G. Nicholls, The physiological regulation of uncoupling proteins, Biochim.
Biophys. Acta 1757 (2006) 459–466.

[34] A.M. Cassard-Doulcier, C. Gelly, F. Bouillaud, D. Ricquier, A 211-bp enhancer of
the rat uncoupling protein-1 (UCP-1) gene controls specific and regulated
expression in brown adipose tissue, Biochem. J. 333 (1998) 243–246.

[35] R.M. Locke, E. Rial, I.D. Scott, D.G. Nicholls, Fatty acids as acute regulators of the
proton conductance of hamster brown-fat mitochondria, Eur. J. Biochem. 129
(1982) 373–380.

[36] S. Collins, W. Cao, J. Robidoux, Learning new tricks from old dogs: beta-adrenergic
receptors teach new lessons on firing up adipose tissue metabolism, Mol.
Endocrinol. 18 (2004) 2123–2131.

[37] D.G. Nicholls, R.M. Locke, Thermogenic mechanisms in brown fat, Physiol. Rev.
64 (1984) 1–64.

[38] V. Golozoubova, B. Cannon, J. Nedergaard, UCP1 is essential for adaptive
adrenergic nonshivering thermogenesis, Am. J. Physiol. Endocrinol. Metab. 291
(2006) E350–357.

[39] S. Enerback, A. Jacobsson, E.M. Simpson, C. Guerra, H. Yamashita, M.E. Harper, L.P.
Kozak, Mice lacking mitochondrial uncoupling protein are cold-sensitive but not
obese, Nature 387 (1997) 90–94.

[40] H.M. Feldmann, V. Golozoubova, B. Cannon, J. Nedergaard, UCP1 ablation induces
obesity and abolishes diet-induced thermogenesis in mice exempt from thermal
stress by living at thermoneutrality, Cell Metab. 9 (2009) 203–209.

[41] A.M. Carroll, L.R. Haines, T.W. Pearson, P.G. Fallon, C.M. Walsh, C.M. Brennan, E.P.
Breen, R.K. Porter, Identification of a functioning mitochondrial uncoupling
protein 1 in thymus, J. Biol. Chem. 280 (2005) 15534–15543.

[42] A.E. Adams, A.M. Carroll, P.G. Fallon, R.K. Porter, Mitochondrial uncoupling
protein 1 expression in thymocytes, Biochim. Biophys. Acta 1777 (2008)
772–776.

[43] M. Jastroch, J.A. Buckingham, M. Helwig, M. Klingenspor, M.D. Brand, Functional
characterisation of UCP1 in the common carp: uncoupling activity in liver
mitochondria and cold-induced expression in the brain, J. Comp. Physiol. B,
Biochem. Syst. Environ. Physiol. 177 (2007) 743–752.

[44] D.A. Hughes, M. Jastroch, M. Stoneking, M. Klingenspor, Molecular evolution of
UCP1 and the evolutionary history of mammalian non-shivering thermogenesis,
BMC Evol. Biol. 9 (2009) 4.

[45] O. Boss, S. Samec, F. Kühne, P. Bijlenga, F. Assimacopoulos-Jeannet, J. Seydoux, J.P.
Giacobino, P. Muzzin, Uncoupling protein-3 expression in rodent skeletal muscle
is modulated by food intake but not by changes in environmental temperature,
J. Biol. Chem. 273 (1998) 5–8.

[46] M. Jastroch, S. Wuertz, W. Kloas, M. Klingenspor, Uncoupling protein 1 in fish
uncovers an ancient evolutionary history of mammalian nonshivering thermo-
genesis, Physiol. Genomics 22 (2005) 150–156.

[47] G.R. Degasperi, T. Romanatto, R.G.P. Denis, E.P. Araújo, J.C. Moraes, N.M. Inada, A.E.
Vercesi, L.A. Velloso, UCP2 protects hypothalamic cells from TNF-alpha-induced
damage, FEBS Lett. 582 (2008) 3103–3110.

[48] J.L. Barger, B.M. Barnes, B.B. Boyer, Regulation of UCP1 and UCP3 in arctic ground
squirrels and relation with mitochondrial proton leak, J. Appl. Physiol. 101
(2006) 339–347.

[49] E.M. Mills, M.L. Banks, J.E. Sprague, T. Finkel, Pharmacology: uncoupling the
agony from ecstasy, Nature 426 (2003) 403–404.

[50] K. Nau, T. Fromme, C.W. Meyer, C. von Praun, G. Heldmaier, M. Klingenspor,
Brown adipose tissue specific lack of uncoupling protein 3 is associated with
impaired cold tolerance and reduced transcript levels of metabolic genes,
J. Comp. Physiol. B, Biochem. Syst. Environ. Physiol. 178 (2008) 269–277.

[51] C.Y. Zhang, G. Baffy, P. Perret, S. Krauss, O. Peroni, D. Grujic, T. Hagen, A.J. Vidal-Puig,
O. Boss, Y.B. Kim, X.X. Zheng, M.B. Wheeler, G.I. Shulman, C.B. Chan, B.B. Lowell,
Uncoupling protein-2 negatively regulates insulin secretion and is a major link
between obesity, beta cell dysfunction, and type 2 diabetes, Cell 105 (2001)
745–755.

[52] C.B. Chan, M.E. Harper, Uncoupling proteins: role in insulin resistance and
insulin insufficiency, Curr. Diabetes Rev. 2 (2006) 271–283.

[53] D. Arsenijevic, H. Onuma, C. Pecqueur, S. Raimbault, B.S. Manning, B. Miroux, E.
Couplan, M.C. Alves-Guerra, M. Goubern, R. Surwit, F. Bouillaud, D. Richard, S.
Collins, D. Ricquier, Disruption of the uncoupling protein-2 gene in mice reveals
a role in immunity and reactive oxygen species production, Nat. Genet. 26
(2000) 435–439.

[54] M.K. Newell, E. Villalobos-Menuey, S.C. Schweitzer, M.E. Harper, R.E. Camley,
Cellular metabolism as a basis for immune privilege, J. Immune Based Ther.
Vaccum. 4 (2006) 1.

[55] Y. Emre, C. Hurtaud, M. Karaca, T. Nubel, F. Zavala, D. Ricquier, Role of uncoupling
protein UCP2 in cell-mediated immunity: howmacrophage-mediated insulitis is
accelerated in a model of autoimmune diabetes, Proc. Natl. Acad. Sci. U. S. A. 104
(2007) 19085–19090.

[56] J. Blanc, M.C. Alves-Guerra, B. Esposito, S. Rousset, P. Gourdy, D. Ricquier, A.
Tedgui, B. Miroux, Z. Mallat, Protective role of uncoupling protein 2 in
atherosclerosis, Circulation 107 (2003) 388–390.

[57] E. Paradis, S. Clavel, F. Bouillaud, D. Ricquier, D. Richard, Uncoupling protein 2: a
novel player in neuroprotection, Trends Mol. Med. 9 (2003) 522–525.

[58] J.Diao, E.M.Allister, V.Koshkin, S.C. Lee, A. Bhattacharjee, C. Tang, A.Giacca, C.B. Chan,
M.B. Wheeler, UCP2 is highly expressed in pancreatic alpha-cells and influences
secretion and survival, Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 12057–12062.

[59] S. Rousset, Y. Emre, O. Join-Lambert, C. Hurtaud, D. Ricquier, A.M. Cassard-
Doulcier, The uncoupling protein 2 modulates the cytokine balance in innate
immunity, Cytokine 35 (2006) 135–142.

[60] L. Parton,C.Ye,R. Coppari, P. Enriori, B. Choi, C.Y. Zhang,C.Xu,C. Vianna,N.Balthasar, C.
Lee, J. Elmquist, M. Cowley, B.B. Lowell, Glucose sensing by POMC neurons regulates
glucose homeostasis and is impaired in obesity, Nature 449 (2007) 228–232.

[61] S. Krauss, C.Y. Zhang, B.B. Lowell, A significant portion ofmitochondrial proton leak
in intact thymocytes depends on expression ofUCP2, Proc. Natl. Acad. Sci. U. S. A. 99
(2002) 118–122.

[62] C. Affourtit, M.D. Brand, Uncoupling protein-2 contributes significantly to high
mitochondrial proton leak in INS-1E insulinoma cells and attenuates glucose-
stimulated insulin secretion, Biochem. J. 409 (2008) 199–204.

[63] S.S. Liu, Generating, partitioning, targeting and functioning of superoxide in
mitochondria, Biosci. Rep. 17 (1997) 259–272.

[64] S.S. Korshunov, V.P. Skulachev, A.A. Starkov, High protonic potential actuates a
mechanism of production of reactive oxygen species in mitochondria, FEBS Lett.
416 (1997) 15–18.

[65] A.J. Lambert, M.D. Brand, Superoxide production by NADH:ubiquinone oxido-
reductase (complex I) depends on the pH gradient across the mitochondrial
inner membrane, Biochem. J. 382 (2004) 511–517.

[66] A.Negre-Salvayre, C.Hirtz, G. Carrera, R. Cazenave,M. Troly, R. Salvayre, L. Penicaud,
L. Casteilla, A role for uncoupling protein-2 as a regulator of mitochondrial
hydrogen peroxide generation, FASEB J. 11 (1997) 809–815.

[67] S. Krauss, C.Y. Zhang, L. Scorrano, L.T. Dalgaard, J. St-Pierre, S.T. Grey, B.B. Lowell,
Superoxide-mediated activation of uncoupling protein 2 causes pancreatic beta
cell dysfunction, J. Clin. Invest. 112 (2003) 1831–1842.

[68] C.B. Chan, D. De Leo, J.W. Joseph, T.S. McQuaid, X.F. Ha, F. Xu, R.G. Tsushima, P.S.
Pennefather, A.M. Salapatek, M.B. Wheeler, Increased uncoupling protein-2
levels in beta-cells are associated with impaired glucose-stimulated insulin
secretion: mechanism of action, Diabetes 50 (2001) 1302–1310.

[69] C. Leloup, C. Magnan, A. Benani, E. Bonnet, T. Alquier, G. Offer, A. Carriere, A.
Périquet, Y. Fernandez, A. Ktorza, L. Casteilla, L. Pénicaud, Mitochondrial reactive
oxygen species are required for hypothalamic glucose sensing, Diabetes 55
(2006) 2084–2090.

[70] C. Leloup, C. Tourrel-Cuzin, C. Magnan, M. Karaca, J. Castel, L. Carneiro, A.L.
Colombani, A. Ktorza, L. Casteilla, L. Penicaud, Mitochondrial reactive oxygen
species are obligatory signals for glucose-induced insulin secretion, Diabetes 58
(2009) 673–681.

[71] C.T.D. De Souza, A.L. Gasparetti, M. Pereira-da-Silva, Peroxisome proliferator-
activated receptor gamma coactivator-1-dependent uncoupling protein-2
expression in pancreatic islets of rats: a novel pathway for neural control of
insulin secretion, Diabetologia 46 (2003) 1522–1531.

[72] J. Pi, Y. Bai, K.W. Daniel, D. Liu, O. Lyght, D. Edelstein, M. Brownlee, B.E. Corkey, S.
Collins, Persistent oxidative stress due to absence of uncoupling protein 2
associated with impaired pancreatic beta-cell function, Endocrinology 150
(2009) 3040–3048.

[73] C.T. De Souza, E.P. Araujo, L.F. Stoppiglia, J.R. Pauli, E. Ropelle, S.A. Rocco, R.M.
Marin, K.G. Franchini, J.B. Carvalheira, M.J. Saad, A.C. Boschero, E.M. Carneiro, L.A.
Velloso, Inhibition of UCP2 expression reverses diet-induced diabetes mellitus
by effects on both insulin secretion and action, FASEB J. 21 (2007) 1153–1163.

[74] C.Y. Zhang, L. Parton, C. Ye, S. Krauss, R. Shen, C.T. Lin, J.A. Porco, B.B. Lowell,
Genipin inhibits UCP2-mediated proton leak and acutely reverses obesity- and
high glucose-induced beta cell dysfunction in isolated pancreatic islets, Cell
Metab. 3 (2006) 417–427.

[75] Z. Derdak, P. Folop, E. Sabo, R. Tavares, E.P. Berthiaume, M.B. Resnick, G. Paragh,
J.R. Wands, G. Baffy, Enhanced colon tumor induction in uncoupling protein-2
deficient mice is associated with NF-kappaB activation and oxidative stress,
Carcinogenesis 27 (2006) 956–961.

[76] F. Moukdar, J. Robidoux, O. Lyght, J. Pi, K.W. Daniel, S. Collins, Reduced
antioxidant capacity and diet-induced atherosclerosis in uncoupling protein-2-
deficient mice, J. Lipid Res. 50 (2009) 59–70.

[77] M.E. Harper, A. Antoniou, E. Villalobos-Menuey, A. Russo, R. Trauger, M.
Vendemelio, A. George, R. Bartholomew, D. Carlo, A. Shaikh, J. Kupperman, E.W.
Newell, I.A. Bespalov, S.S. Wallace, Y. Liu, J.R. Rogers, G.L. Gibbs, J.L. Leahy, R.E.
Camley, R. Melamede, M.K. Newell, Characterization of a novel metabolic strategy
used by drug-resistant tumor cells, FASEB J. 16 (2002) 1550–1557.

[78] F. Bouillaud, UCP2, not a physiologically relevant uncoupler but a glucose sparing
switch impacting ROS production and glucose sensing, Biochim. Biophys. Acta
1787 (2009) 377–383.



791V. Azzu et al. / Biochimica et Biophysica Acta 1797 (2010) 785–791
[79] G. Patane, M. Anello, S. Piro, R. Vigneri, F. Purrello, A.M. Rabuazzo, Role of ATP
production and uncoupling protein-2 in the insulin secretory defect induced by
chronic exposure to high glucose or free fatty acids and effects of peroxisome
proliferator-activated receptor-gamma inhibition, Diabetes 51 (2002) 2749–2756.

[80] C. Affourtit, M.D. Brand, On the role of uncoupling protein-2 in pancreatic beta
cells, Biochim. Biophys. Acta 1777 (2008) 973–979.

[81] L. Bordone, M.C. Motta, F. Picard, A. Robinson, U.S. Jhala, J. Apfeld, T. McDonagh,
M. Lemieux, M. McBurney, A. Szilvasi, E.J. Easlon, S.J. Lin, L. Guarente, Sirt1
regulates insulin secretion by repressing UCP2 in pancreatic beta cells, PLoS Biol.
4 (2006) e31.

[82] L.X. Li, F. Skorpen, K.W. Egeberg, I.H. Jørgensen, V. Grill, Uncoupling protein-2
participates in cellular defense against oxidative stress in clonal beta-cells,
Biochem. Biophys. Res. Commun. 282 (2001) 273–277.

[83] T.M. Giardina, J.H. Steer, S.Z. Lo, D.A. Joyce, Uncoupling protein-2 accumulates
rapidly in the inner mitochondrial membrane during mitochondrial reactive
oxygen stress in macrophages, Biochim. Biophys. Acta 1777 (2008) 118–129.

[84] C. Hurtaud, C. Gelly, F. Bouillaud, C. Lévi-Meyrueis, Translation control of UCP2
synthesis by the upstream open reading frame, Cell. Mol. Life Sci. 63 (2006)
1780–1789.

[85] P. Newsholme, K. Bender, A. Kiely, L. Brennan, Amino acid metabolism, insulin
secretion and diabetes, Biochem. Soc. Trans. 35 (2007) 1180–1186.

[86] C. Hurtaud, C. Gelly, Z. Chen, C. Lévi-Meyrueis, Glutamine stimulates translation
of uncoupling protein 2mRNA, Cell. Mol. Life Sci. 64 (2007) 1853–1860.

[87] V. Azzu, C. Affourtit, E.P. Breen, N. Parker, M.D. Brand, Dynamic regulation of
uncoupling protein 2 content in INS-1E insulinoma cells, Biochim. Biophys. Acta
1777 (2008) 1378–1383.

[88] S. Larkin, E. Mull, W. Miao, R. Pittner, K. Albrandt, C. Moore, A. Young, M. Denaro,
K. Beaumont, Regulation of the third member of the uncoupling protein family,
UCP3, by cold and thyroid hormone, Biochem. Biophys. Res. Commun. 240
(1997) 222–227.

[89] D.W. Gong, S. Monemdjou, O. Gavrilova, L.R. Leon, B. Marcus-Samuels, C.J. Chou,
C. Everett, L.P. Kozak, C. Li, C. Deng, M.E. Harper, M.L. Reitman, Lack of obesity and
normal response to fasting and thyroid hormone in mice lacking uncoupling
protein-3, J. Biol. Chem. 275 (2000) 16251–16257.

[90] V. Golozoubova, E. Hohtola, A. Matthias, A. Jacobsson, B. Cannon, J. Nedergaard,
Only UCP1 can mediate adaptive nonshivering thermogenesis in the cold, FASEB
J. 15 (2001) 2048–2050.

[91] R. Crescenzo, D. Mainieri, G. Solinas, J.P. Montani, J. Seydoux, G. Liverini, S. Iossa,
A.G. Dulloo, Skeletal muscle mitochondrial oxidative capacity and uncoupling
protein 3 are differently influenced by semistarvation and refeeding, FEBS Lett.
544 (2003) 138–142.

[92] S. Cadenas, J.A. Buckingham, S. Samec, J. Seydoux, N. Din, A.G. Dulloo, M.D. Brand,
UCP2 and UCP3 rise in starved rat skeletal muscle but mitochondrial proton
conductance is unchanged, FEBS Lett. 462 (1999) 257–260.

[93] H. Bugger, S. Boudina, X.X. Hu, J. Tuinei, V.G. Zaha, H.A. Theobald, U.J. Yun, A.P.
McQueen, B.Wayment, S.E. Litwin, E.D. Abel, Type 1 diabetic akitamouse hearts are
insulin sensitive but manifest structurally abnormal mitochondria that remain
coupled despite increased uncoupling protein 3, Diabetes 57 (2008) 2924–2932.

[94] E. Barreiro, C. Garcia-Martínez, S. Mas, E. Ametller, J. Gea, J.M. Argilés, S. Busquets,
F.J. López-Soriano, UCP3 overexpression neutralizes oxidative stress rather than
nitrosative stress in mouse myotubes, FEBS Lett. 583 (2009) 350–356.

[95] N. Jiang, G. Zhang, H. Bo, J. Qu, G. Ma, D. Cao, L. Wen, S. Liu, L.L. Ji, Y. Zhang,
Upregulation of uncoupling protein-3 in skeletal muscle during exercise: a
potential antioxidant function, Free Radic. Biol. Med. 46 (2009) 138–145.

[96] M.D. Brand, R. Pamplona, M. Portero-Otín, J.R. Requena, S.J. Roebuck, J.A.
Buckingham, J.C. Clapham, S. Cadenas, Oxidative damage and phospholipid fatty
acyl composition in skeletal muscle mitochondria frommice underexpressing or
overexpressing uncoupling protein 3, Biochem. J. 368 (2002) 597–603.

[97] M. Nabben, J. Hoeks, Mitochondrial uncoupling protein 3 and its role in cardiac-
and skeletal muscle metabolism, Physiol. Behav. 94 (2008) 259–269.

[98] V. Bezaire, L.L. Spriet, S. Campbell, N. Sabet, M. Gerrits, A. Bonen, M.E. Harper,
Constitutive UCP3 overexpression at physiological levels increases mouse
skeletal muscle capacity for fatty acid transport and oxidation, FASEB J. 19
(2005) 977–979.

[99] J. Himms-Hagen, M.E. Harper, Physiological role of UCP3 may be export of fatty
acids from mitochondria when fatty acid oxidation predominates: an hypothesis,
Exp. Biol. Med. (Maywood) 226 (2001) 78–84.

[100] P. Schrauwen, J. Hoeks, M.K. Hesselink, Putative function and physiological
relevance of the mitochondrial uncoupling protein-3: involvement in fatty acid
metabolism? Prog. Lipid Res. 45 (2006) 17–41.
[101] E.L. Seifert, V. Bézaire, C. Estey, M.E. Harper, Essential role for uncoupling
protein-3 inmitochondrial adaptation to fasting but not in fatty acid oxidation or
fatty acid anion export, J. Biol. Chem. 283 (2008) 25124–25131.

[102] C. Son, K. Hosoda, K. Ishihara, L. Bevilacqua, H. Masuzaki, T. Fushiki, M.E. Harper,
K. Nakao, Reduction of diet-induced obesity in transgenic mice overexpressing
uncoupling protein 3 in skeletal muscle, Diabetologia 47 (2004) 47–54.

[103] P. Schrauwen, M. Mensink, G. Schaart, E. Moonen-Kornips, J.P. Sels, E.E. Blaak, A.P.
Russell, M.K. Hesselink, Reduced skeletal muscle uncoupling protein-3 content in
prediabetic subjects and type 2 diabetic patients: restoration by rosiglitazone
treatment, J. Clin. Endocrinol. Metab. 91 (2006) 1520–1525.

[104] C. Choi, J. Fillmore, J. Kim, Z. Liu, S. Kim, E. Collier, A. Kulkarni, A. Distefano, Y.
Hwang, M. Kahn, Y. Chen, C. Yu, I. Moore, R. Reznick, T. Higashimori, G. Shulman,
Overexpression of uncoupling protein 3 in skeletal muscle protects against fat-
induced insulin resistance, J. Clin. Invest. 117 (2007) 1995–2003.

[105] J.D. MacLellan, M.F. Gerrits, A. Gowing, P.J.S. Smith, M.B. Wheeler, M.E. Harper,
Physiological increases in uncoupling protein 3 augment fatty acid oxidation and
decrease reactive oxygen species production without uncoupling respiration in
muscle cells, Diabetes 54 (2005) 2343–2350.

[106] D.K. Asami, R.B. McDonald, K. Hagopian, B.A. Horwitz, D. Warman, A. Hsiao, C.
Warden, J.J. Ramsey, Effect of aging, caloric restriction, and uncoupling protein
3 (UCP3) on mitochondrial proton leak in mice, Exp. Gerontol. 43 (2008)
1069–1076.

[107] G. Solanes, N. Pedraza, R. Iglesias, M. Giralt, F. Villarroya, Functional relationship
between MyoD and peroxisome proliferator-activated receptor-dependent
regulatory pathways in the control of the human uncoupling protein-3 gene
transcription, Mol. Endocrinol. 17 (2003) 1944–1958.

[108] T. Fromme, C. Hoffmann, K. Nau, J. Rozman, K. Reichwald, M. Utting, M. Platzer,
M. Klingenspor, An intronic single base exchange leads to a brown adipose
tissue-specific loss of Ucp3 expression and an altered body mass trajectory,
Physiol. Genom. 38 (2009) 54–62.

[109] D.W. Gong, Y. He, M. Karas, M. Reitman, Uncoupling protein-3 is a mediator of
thermogenesis regulated by thyroid hormone, beta3-adrenergic agonists, and
leptin, J. Biol. Chem. 272 (1997) 24129–24132.

[110] G. Solanes, N. Pedraza, V. Calvo, A.J. Vidal-Puig, B.B. Lowell, F. Villarroya, Thyroid
hormones directly activate the expression of the human and mouse uncoupling
protein-3 genes through a thyroid response element in the proximal promoter
region, Biochem. J. 386 (2005) 505–513.

[111] B. Pierrat, M. Ito, W. Hinz, M. Simonen, D. Erdmann, M. Chiesi, J. Heim,
Uncoupling proteins 2 and 3 interact with members of the 14.3.3 family, Eur. J.
Biochem. 267 (2000) 2680–2687.

[112] P. Puigserver, D. Herron, M. Gianotti, A. Palou, B. Cannon, J. Nedergaard,
Induction and degradation of the uncoupling protein thermogenin in brown
adipocytes in vitro and in vivo. Evidence for a rapidly degradable pool, Biochem.
J. 284 (1992) 393–398.

[113] B. Moazed, M. Desautels, Differentiation-dependent expression of cathepsin D
and importance of lysosomal proteolysis in the degradation of UCP1 in brown
adipocytes, Can. J. Physiol. Pharmacol. 80 (2002) 515–525.

[114] B. Moazed, M. Desautels, Control of proteolysis by norepinephrine and insulin in
brown adipocytes: role of ATP, phosphatidylinositol 3-kinase, and p70 S6K, Can.
J. Physiol. Pharmacol. 80 (2002) 541–552.

[115] S. Rousset, J. Mozo, G. Dujardin, Y. Emre, S. Masscheleyn, D. Ricquier, A.M.
Cassard-Doulcier, UCP2 is a mitochondrial transporter with an unusual very
short half-life, FEBS Lett. 581 (2007) 479–482.

[116] V. Azzu, M.D. Brand, Degradation of an intramitochondrial protein by the
cytosolic proteasome, J Cell Sci 123 (2010) 578–585.

[117] V. Azzu, S.A. Mookerjee, M.D. Brand, Rapid turnover of mitochondrial uncoupling
protein 3, Biochem. J. 426 (2010) 13–17.

[118] F.F. Yan, C.W. Lin, E.A. Cartier, S.L. Shyng, Role of ubiquitin-proteasome
degradation pathway in biogenesis efficiency of β-cell ATP-sensitive potassium
channels, Am. J. Physiol., Cell Physiol. 289 (2005) C1351–1359.

[119] K. Kitiphongspattana, C.E. Mathews, E.H. Leiter, H.R. Gaskins, Proteasome
inhibition alters glucose-stimulated (pro)insulin secretion and turnover in
pancreatic β-cells, J. Biol. Chem. 280 (2005) 15727–15734.

[120] M. Kawaguchi, K. Minami, K. Nagashima, S. Seino, Essential role of ubiquitin-
proteasome system in normal regulation of insulin secretion, J. Biol. Chem. 281
(2006) 13015–13020.

[121] V. Azzu, M.D. Brand, The on-off switches of the mitochondrial uncoupling
proteins, Trends Biochem. Sci. 35 (2010) 298–307.

[122] P.F. Finn, J.F. Dice, Proteolytic and lipolytic responses to starvation, Nutrition 22
(2006) 830–844.


	The regulation and turnover of mitochondrial uncoupling proteins
	Introduction
	Acute activation of uncoupling protein activity
	Role and regulation of uncoupling proteins
	UCP2 function
	Regulation of UCP2 concentration
	UCP3 function
	Regulation of UCP3 concentration

	Turnover of uncoupling proteins
	Concluding remarks
	Acknowledgements
	References




