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Abstract
Mitochondrial oxidative phosphorylation has a key role in cellular energy production. However, proton leak across the mitochondrial membrane can short-circuit this energy production, resulting in an
uncoupling of oxidative phosphorylation from adenosine triphosphate (ATP) production. Uncoupling
protein 1 (UCP1) that is highly expressed in brown adipose tissue has a key role in this uncoupling
process, resulting in thermogenesis. In other tissues, UCP2 (found in the central nervous system,
macrophages, heart, and pancreatic β cells) and UCP3 (primarily expressed in skeletal muscle) also
may increase mitochondrial membrane proton leak and regulate a number of processes that include
decreasing reactive oxygen species generation, glucose sensitivity, insulin secretion, storage of fatty
acids, and energy expenditure. As a result, UCPs have emerged as important mediators of energy
metabolism and thermogenesis and may be involved in central nervous system control of food intake,
and are thus potential targets for treating obesity and diabetes mellitus. L Heart Metab. 2016;69:34-37
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itochondria have a key role in regulating
energy metabolism in most cells. They
are best known for their pivotal contribution to energy production (in the form of adenosine
triphosphate [ATP]) through the process of oxidative
phosphorylation. This occurs via the production of
reduced cofactors from oxidizable substrates (such
as fatty acids, carbohydrates, proteins, and ketones)
that supply electrons for the mitochondrial electron
transport chain (ETC). Electron transfer through the
ETC results in the conversion of O2 to H2O, and the
pumping of protons out of the mitochondrial matrix
into the intermembrane space (Figure 1). This creates a proton motive force, the energy from which
is used to synthesize ATP as protons flow back into
the mitochondrial matrix. Any disruption of the proton
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gradient across the inner mitochondrial membrane
will end up in a decrease in ATP production.1 Instead,
dissipation of the mitochondrial proton gradient will
produce heat.
Uncoupling proteins (UCPs) are a family of mitochondrial anion carrier proteins that are differentially
expressed in many tissues.1 The first UCP identified,
UCP1, is predominantly expressed in brown adipose
tissue (BAT). As a UCP, it dissipates the mitochondrial proton gradient, and therefore has a thermogenic
role (Figure 1). Additional UCPs subsequently identified include UCP2 and UCP3.1,2 UCP3 is expressed
mostly in skeletal muscle and heart, whereas UCP2 is
expressed in a variety of tissues, including the brain.
While UCP2 and UCP3 may also play a role in thermogenesis, these UCPs have also been implicated in
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ATP synthesis rates are not. This is likely due to the
dissipation of the inner mitochondrial protein gradient by UCP1, resulting in the production of heat as
opposed to ATP. While a role for BAT in regulating
thermogenesis in rodents and human newborns
has been recognized for decades, only recently
regulating fatty acid oxidation, reactive oxygen species
has it been demonstrated that BAT in human adults
(ROS) production, inflammation, neurodegenerative
may also play an important role in energy expendifunction, cell proliferation, and metabolic processes.2-4
ture and thermogenesis.5 Using techniques involving positron emission tomography combined with
Role of UCP1 in thermogenesis
computed tomography, the presence of BAT in the
subscapular and cervical regions of adult humans
BAT has a key role in regulating thermogenesis.
was recently identified.6 The adipocytes in this BAT
UCP1 is highly expressed in BAT, which has a high
are enriched with UCP1, and cold exposure has
capacity for mitochondrial respiration. Whereas
been shown to increase BAT content.7 Of impormitochondrial respiration rates are much higher in
tance, an inverse relationship between BAT conBAT compared with white adipose tissue, actual
tent and obesity, insulin resistance, and diabetes
has been shown.8 This sugGlucose
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b3 agonism, T3, and peptides such as irisin, Metrn1, BMP7/8, and FGF21.
adipose tissue, resulting in inAbbreviations: +ve, positive; I, electron transport chain (ETC) complex I; II, ETC complex II; III, ETC complex
creased UCP1 expression.10
III; IV, ETC complex IV; ADP, adenosine diphosphate; ATP, adenosine triphosphate; ATPase, adenosine triphosphatase; BMP7/8, bone morphogenetic protein 7/8; CoA, coenzyme A; FADH2, flavin adenine dinucleotide;
Combined, this is thought to
FGF21, fibroblast growth factor 21; H+, protons; Metrn1, meteorin-like protein; NADH, nicotinamide adenine
dinucleotide; T3, triiodothyronine; TCA, tricarboxylic acid; UCPs, uncoupling proteins.
increase energy expenditure,
Abbreviations
BAT: brown adipose tissue; ETC: electron transport
chain; GSIS: glucose-stimulated insulin secretion; ROS:
reactive oxygen species; UCP: uncoupling protein
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increase insulin sensitivity, increase glucose and fatty
acid uptake, and thereby modulate obesity and diabetes severity.
Role of UCP2 and UCP3 in regulating energy
metabolism in skeletal muscle and heart
The close homology of UCP2 and UCP3 to UCP1 resulted in these UCPs also being initially implicated as
being primarily involved in thermogenesis.2 UCP2 and
UCP3 have a wider tissue distribution than UCP1,
with UCP3 being primarily expressed in skeletal muscle. While these UCPs may have a role in thermogenesis, other functions are also evident. UCP3 has a key
role in regulating mitochondrial fatty acid oxidation in
heart and skeletal muscle,11 as well as in preventing
mitochondrial ROS production.12 By reducing mitochondrial membrane potential, UCP3 may decrease
ROS production by the ETC. Deletion of UCP3 has
also been shown to decrease skeletal muscle fatty
acid oxidation, possibly contributing to an increased
accumulation and storage of fatty acids. UCP3 may
also be a fatty acid anion carrier,13 resulting in transport of fatty acids out of the matrix of the mitochondria. Combined, these actions of UCP3 (and possibly
UCP2) suggest a protective role in preventing obesity
and diabetes.
Role of UCP2 in other tissues
UCP2 has a wider tissue expression than UCP1 and
UCP3, including the expression of UCP2 in the central nervous system, macrophages, and pancreatic
β cells.14 As such, UCP2 may have an important role
in the regulation of food intake, energy expenditure,
and glucose homeostasis.3 In the arcuate nucleus of
the hypothalamus, UCP2 is highly expressed, and
has an important role in neuronal control of food
intake. Activation of UCP2, such as by the orexogenic hormone ghrelin, promotes food intake and
decreases energy expenditure.15 These actions of
UCP2 are thought to be mediated by a decrease
in ROS production. Hypothalamic UCP2 also decreases glucose sensing in the hypothalamus, and
increased UCP2 expression leads to a promotion
of appetite and obesity.16 In the pancreas, UCP2 is
also involved in glucose-stimulated insulin secretion
(GSIS).17 Increased UCP2 expression is associated
with a decrease in GSIS.
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Modifying UCP2 as an approach to modifying energy
metabolism
Stimulating UCP1 and UCP3 in BAT has the potential to increase thermogenesis and treat obesity and
its associated diseases. The use of β3-adrenergic
agonists to increase UCPs and BAT is one such approach,18 although this approach needs further study.
While thyroid hormone treatment can increase UCP1
and BAT, such treatment is associated with serious
adverse side effects, such as tachycardia. The use of
irisin to increase BAT and UCP1 has also been proposed,19 although the role of irisin in controlling BAT
and UCP1 levels in humans has recently been questioned.20 Other peptides such as BMP7/8, meteorinlike protein (Metrn1), and FGF21, as well as smallmolecule activators of UCPs are also being tested,
although the potential of these approaches to upregulate UCPs and BAT has yet to be established.
Conclusions
UCPs have a critical role in regulating energetics
through their action of decreasing mitochondrial coupling and efficiency. In addition to their role in regulating thermogenesis, UCPs have potential roles in regulating mitochondrial oxidative metabolism, as well
as central nervous system control of food intake and
peripheral control of glucose metabolism. As a result,
targeting UCPs is a potentially promising approach
to treating obesity and diabetes-related disorders. L
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