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Skeletal muscle uncoupling protein 3 (UCP3): mitochondrial
uncoupling protein in search of a function
Patrick Schrauwen

The uncoupling protein 1 homologue, uncoupling protein 3, is

able to uncouple adenosine triphosphate production from

mitochondrial respiration, thereby dissipating energy as heat

and affecting the efficiency of energy metabolism. Uncoupling

protein 3 is expressed predominantly in skeletal muscle, and

has been associated with whole-body energy metabolism.

However, on the basis of present evidence it has been

concluded that the primary function of uncoupling protein 3 is

not in the regulation of energy expenditure. For example, fasting,

an energy expenditure attenuating condition, upregulates

uncoupling protein 3 expression, and uncoupling protein 3

knockout mice have a normal metabolic rate. The exact function

of uncoupling protein 3 remains to be elucidated, but at present

putative roles for uncoupling protein 3 include involvement in the

regulation of the production of reactive oxygen species,

mitochondrial fatty acid transport and the regulation of glucose

metabolism in skeletal muscle. Because all these putative

functions assume that uncoupling protein 3 affects

mitochondrial coupling, a secondary effect of the function of

uncoupling protein 3 might still be that it influences (but not

regulates) energy metabolism, consistent with observations in

linkage and association studies. Therefore, uncoupling protein 3

remains an interesting target for pharmacological upregulation

in the treatment of obesity and diabetes. Curr Opin Clin Nutr Metab

Care 5:265±270. # 2002 Lippincott Williams & Wilkins.
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Abbreviations

ADP adenosine diphosphate
AMP adenosine monophosphate
AMPK adenosine monophosphate-activated protein kinase
ATP adenosine triphosphate
NMR nuclear magnetic resonance
ROS reactive oxygen species
TCA tricarboxylic acid
UCP 1±3 uncoupling proteins 1±3

# 2002 Lippincott Williams & Wilkins
1363-1950

Introduction
In living cells, the mitochondrial machinery is respon-
sible for the major part of energy production in the form
of adenosine triphosphate (ATP). The metabolism of
substrates such as fat, carbohydrate and proteins results
in the production of reducing equivalents of nicotina-
mide adenine dinucleotide and ¯avine adenine dinu-
cleotide 2, which can be oxidized to nicotinamide
adenine dinucleotide, ¯avine adenine dinucleotide and
hydrogen in a process called electron transfer or
respiratory chain. According to the chemiosmotic hy-
pothesis of Mitchell [1], the net transport of protons to
the cytosolic side of the inner mitochondrial membrane
generates a proton gradient across the mitochondrial
membrane. When this proton gradient is high enough,
protons ¯ow back over the inner mitochondrial mem-
brane through a so-called F0F1-complex and the energy
thus generated is used by ATPase to transform
adenosine diphosphate (ADP) into ATP. In this way,
substrate oxidation is coupled to the formation of ATP.
However, the coupling between substrate oxidation and
ATP formation is not 100% ef®cient; part of the
generated proton gradient is lowered by proton leaks,
thereby dissipating energy as heat. It has been suggested
that the contribution of proton leaks to the resting
metabolic rate can be as large as 20±50% [2]. In the 1960s
it was shown that proton leaks were the explanation for
the increase in thermogenic activity of brown adipose
tissue of rodents in response to cold and overfeeding.
This feature of brown adipose tissue has led to the search
for and identi®cation of a protein responsible for this
proton leak. In 1978, it was demonstrated that a 32 000
Mr mitochondrial membrane protein, then called `un-
coupling protein' or `thermogenin', and later renamed
`UCP1', was responsible for the thermogenic activity of
brown adipose tissue [3]. UCP1 could either transport
protons into the mitochondrial matrix [4], or transport
non-esteri®ed fatty acid anions out of the matrix (in a
process called fatty acid cycling) [5], in both ways
lowering the proton gradient across the inner mitochon-
drial membrane. As mitochondria from skeletal muscle,
which do not express UCP1, are also characterized by
proton leaks, the search for other uncoupling proteins has
continued and has resulted in the discovery of two novel
uncoupling proteins, UCP2 [6] and UCP3 [7]. In contrast
to UCP2, which is ubiquitously expressed in virtually all
tissues, UCP3 is restricted to skeletal muscle [7], and is
therefore thought to be of importance in skeletal muscle
energy metabolism.
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Is UCP3 able to uncouple mitochondria?
When expressed in yeast, UCP3 has indeed been shown
to lower the proton gradient across the inner mitochon-
drial membrane [8]. Furthermore, mitochondria isolated
from mice lacking UCP3 showed a decreased state 4
respiration (equal to the rate of oxygen consumption
after all ADP in the mitochondria has been phosphory-
lated to form ATP), indicating improved coupling [9..],
whereas mitochondria isolated from mice overexpressing
UCP3 showed an increased state 4 respiration [10..].
Using 31P nuclear magnetic resonance (NMR), Cline et
al. [11 .] provided evidence for the in-vivo uncoupling
activity of UCP3; mice lacking UCP3 showed an
increased ratio of the rate of ATP synthesis to
tricarboxylic acid (TCA) cycle ¯ux, indicating a two to
fourfold higher coupling of oxidative phosphorylation.
The mechanism by which UCP3 uncouples mitochon-
dria is, however, still under debate. It has been proposed
that UCP3 either transports protons into the mitochon-
drial matrix [4], or that the proton gradient is lowered by
the cycling of fatty acids in the inner mitochondrial
membrane, with a role for UCP3 in transporting non-
esteri®ed fatty acid anions out of the matrix [5].
Whatever the mechanism, based on the uncoupling
activity of UCP3, it would be expected that this
mitochondrial protein could play an important role in
energy metabolism and body weight regulation.

Is UCP3 involved in energy expenditure and
body weight regulation?
The ®rst evidence of a relationship between UCP3 and
energy metabolism has come from genetic studies. The
UCP3 gene is located on chromosomal position 11q13,
and markers in the vicinity of this location are very
strongly linked to resting energy expenditure [12].
Several polymorphisms in the UCP3 gene have been
used to examine the association between UCP3 and
energy metabolism or obesity. Although many studies
report an association between UCP3 and energy
expenditure, data on the association between UCP3
and measures of obesity are less consistent (for reviews
see Dalgaard and Pedersen [13] and Ricquier and
Bouillaud [14..]).

Another approach to determine whether UCP3 is
functionally related to energy metabolism and body
weight regulation is to measure UCP3 messenger RNA
expression or protein content, and directly relate it to
measured energy expenditure. Using this approach we
found, in Pima Indians [15], that the mRNA expression of
UCP3 was positively correlated with the sleeping
metabolic rate (which accounts for approximately 60%
of total energy expenditure in humans). Furthermore, two
conditions characterized by a reduced resting metabolic
rate or improved energy ef®ciency, weight reduction and
endurance training, are accompanied by decreased levels

of UCP3 in humans [16,17 .]. During cold exposure, extra
heat is produced to maintain the body temperature. In
accordance with a role for UCP3 in energy metabolism,
acute cold exposure in mice resulted in a threefold
increase in UCP3 protein content, accompanied by a
pronounced lowering of mitochondrial membrane poten-
tial [18]. Cancer cachexia is characterized by weight loss,
probably as a result of increased energy expenditure.
Consistent with a role for UCP3 in energy metabolism, it
was found that in rodents, UCP3 was upregulated in the
cachexic state [19]. Recent data also point in the direction
of a role for UCP3 in thyroid hormone (triiodothyronine)-
induced thermogenesis [20.]. In hypothyroid rats, the
skeletal muscle UCP3 protein content and resting
metabolic rate were measured for 144 h after triiodothyr-
onine injection. The resting metabolic rate and UCP3
protein content showed a similar pattern, both peaking
65 h after triiodothyronine injection. The measurement
of mitochondrial coupling indicated that mitochondria
indeed showed increased uncoupling activity when the
UCP3 protein content was high. Using 31P NMR, Lebon
et al. [21.] found that the TCA cycle ¯ux increased 70%
after triiodothyronine treatment, whereas ATP synthesis
was unchanged, indicating increased mitochondrial un-
coupling. Although not measured, it is tempting to
suggest that increased UCP3 content was responsible
for the increased mitochondrial uncoupling. Finally, mice
overexpressing UCP3 are hyperphagic, but weigh less
than their wild-type littermates, indicating that over-
expressing UCP3 increased the metabolic rate [10 ..].
Together, such studies indicated that UCP3 might be
able to affect energy metabolism.

However, whether the primary physiological function of
UCP3 is the regulation of energy expenditure is under
debate! In contrast to what would have been expected,
UCP3 knockout mice were found to have normal energy
expenditure and body weight, even though their
mitochondria showed improved coupling [9 ..,22..].
Further contrasting data regarding a primary role of
UCP3 in energy metabolism came from the ®ndings that
fasting, a condition well known to be associated with
energy conservation, resulted in the upregulation of
UCP3 mRNA expression [23], and prolonged cold
exposure decreased UCP3 expression but increased
energy metabolism [24]. These results suggested that
UCP3 might be related, and even contribute to energy
metabolism, but that the physiological function of UCP3
is not the regulation of energy expenditure. Therefore,
these con¯icting data have urged researchers to search
for alternative functions of UCP3.

A role for UCP3 in the production of reactive
oxygen species?
An alternative function has been proposed for UCP3 as a
regulator of the production of reactive oxygen species
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(ROS). Early work from Skulachev [25] suggested that
mitochondria possessed mild uncoupling, thereby pre-
venting large increases in proton gradient when ADP
was not available (state 4 respiration). A major part of
ROS is produced by the respiratory chain, and ROS
production increases with increasing proton gradient
[25]. By lowering the proton gradient, UCP3 could
decrease the production of ROS, and thereby prevent
damage to molecules such as lipids, proteins and DNA.
Evidence for this putative role of UCP3 came from the
®nding that mitochondria isolated from mice lacking
UCP3 have an increased ROS production [9..]. A role for
UCP3 in the regulation of ROS production also ®ts with
the ®nding that UCP3 expression decreases with aging,
because aging has been associated with increased ROS
production [26.]. Furthermore, UCP3 was rapidly
upregulated after acute exercise [27], and it could be
suggested that such an upregulation serves to prevent
the well-known increase of ROS production during
exercise. However, we recently showed that the
upregulation of UCP3 after acute exercise could be
prevented by the administration of glucose drinks during
exercise, thereby lowering plasma fatty acid levels and
fat oxidation, suggesting that the increase in plasma free
fatty acid levels or fat oxidation was responsible for the
exercise-induced increase in UCP3 [28 ..]. This would
suggest that either UCP3 does not play a role in the
defence of ROS formation, or that the exercise-induced
formation of ROS is increased in the fasted state.
Indeed, high intracellular levels of fatty acids result in
increased ROS formation, and it might thus be that
UCP3 speci®cally plays a role in preventing fatty acid-
induced ROS formation [29]. However, the fact that the
expression of UCP3 is restricted to skeletal muscle,
whereas ROS are produced in the mitochondria of all
tissues, makes UCP3 (unlike UCP2) a less likely
candidate to be involved in the prevention of the
production of ROS.

A role for UCP3 in type 2 diabetes mellitus?
The use of chemical uncouplers of ATP production in
muscle cells has revealed that mitochondrial uncoupling
leads to increased glucose uptake, and to the synthesis of
GLUT4 and GLUT4 translocation [30]. Recently,
Huppertz et al. [31 ..] showed that the overexpression
of UCP3 in L6 myotubes also increased glucose uptake,
through an increased recruitment of GLUT4 to the cell
surface. Furthermore, mice overexpressing UCP3 were
characterized by lower plasma glucose and insulin levels
and an improved glucose clearance rate [10..]. It has also
been shown that UCP3 is upregulated by insulin in vitro
[32 .]. These data would suggest that UCP3 could be
involved in the regulation of glucose metabolism and the
development of type 2 diabetes mellitus. Evidence for
the latter comes from several ®ndings: we found a
polymorphism in the promotor of UCP3, a C to T

substitution 55 base pairs upstream of the transcription-
starting site. Carriers of the T allele were characterized
by increased mRNA expression [33], and recently the T
allele was associated with a lowered risk of developing
type 2 diabetes mellitus [34.]. Furthermore, we recently
found that UCP3 protein levels are twofold lower in type
2 diabetic individuals compared with controls [35 .].
Finally, using immuno¯uoresence, we showed that
UCP3 protein has the highest expression in type 2b
muscle ®bres, which are highly glycolytic [36 .].

If UCP3 is indeed involved in the regulation of glucose
metabolism, the upregulation of UCP3 would be
bene®cial for the treatment of type 2 diabetes mellitus.
One mechanism by which UCP3 could exert such
bene®cial effects is via the enzyme adenosine monopho-
sphate (AMP)-activated protein kinase (AMPK), an
enzyme responsible for the phosphorylation of key
enzymes that control metabolic ¯ux, including glucose
uptake (via GLUT4 translocation) [37 ..]. This kinase
can allosterically be activated by AMP. Phosphorylation
of AMPK by an upstream kinase, AMPK-kinase (which
is also allosterically activated by AMP), will also result in
activation. Both AMPK and AMPK-kinase are inacti-
vated by high concentrations of ATP, so that the
AMP : ATP ratio is important in determining the activity
status of AMPK. Therefore, decreases in the energy
status of the cell, for example during muscle contraction,
will lead to the activation of key enzymes involved in
substrate metabolism, allowing for increased energy
production. We hypothesize that high levels of UCP3
might stimulate glucose uptake through AMPK activa-
tion. Uncoupling of mitochondria will diminish ATP
production, and when ATP production falls the cell has
an alternative route to synthesize ATP: two molecules of
ADP can be used to form one molecule of ATP, under
the formation of one molecule of AMP. Therefore, high
UCP3 could lead to an increased AMP concentration and
activation of AMPK, thereby promoting glucose uptake
and substrate metabolism. Whether the upregulation of
UCP3 indeed activates AMP-kinase should be the topic
of future research.

UCP3 as a transporter of fatty acids?
Apart from a role in glucose metabolism, UCP3 has also
been suggested to play a role in the metabolism of fatty
acids [38.]. Genetic studies [39] revealed that carriers of
a mutation in exon-6 of the UCP3 gene, resulting in the
transcription of only the short isoform of UCP3, are
characterized by a 50% reduction in basal fatty acid
oxidation. Similarly, mice lacking UCP3 were character-
ized by a reduced capacity to oxidize fatty acids,
especially in the fed state [40 .]. It is generally found
that UCP3 expression is upregulated in situations in
which plasma free fatty acid levels or fat oxidation is
high, such as fasting [23], acute exercise [28 ..] and a

UCP3 in skeletal muscle Schrauwen 267



high-fat diet [41 .]. The upregulation of UCP3 in cancer
cachexia could be prevented by the administration of the
hypolipidaemic agent nicotinic acid, indicating that the
increased UCP3 expression was more closely related to
increased free fatty acid levels than to increased energy
expenditure [42 .]. On the other hand, UCP3 expression
was low or downregulated in situations in which fat
oxidative capacity was high or improved, such as after
endurance training [16], after weight reduction [17.] and
in type 1 (slow-oxidative) muscle ®bres [36 .]. In
situations in which fatty acid delivery to the mitochon-
dria exceeds the capacity to oxidize these fatty acids,
accumulation of non-esteri®ed fatty acids in the cyto-
plasm is likely to occur. In such situations, some non-
esteri®ed fatty acids could partition into the mitochon-
drial phospolipid bilayer and ¯ip-¯op to the other side of
the inner mitochondrial membrane, where they could be
released into the mitochondrial matrix. Because of pH
differences, these non-esteri®ed fatty acids would then
be deprotonated, leaving fatty acid anions. Because fatty
acid anions can neither be metabolized inside the matrix,
nor can they cross the inner mitochondrial membrane,
accumulation of non-esteri®ed fatty acid anions inside
the matrix might occur. We recently postulated the
hypothesis that UCP3 might be involved in the outward
translocation of fatty acid anions from the mitochondrial
matrix, in situations in which fatty acid delivery to the
mitochondria exceeds oxidation [43 .]. At present, studies
are underway to test this hypothesis. A similar hypoth-
esis was postulated by Himms-Hagen and Harper [44 .].
According to their hypothesis, UCP3 also serves to
export fatty acid anions from the mitochondrial matrix;
however, they suggested that the fatty acid anions inside
the matrix are delivered by the hydrolysis of acyl-
coenzyme A by mitochondrial thioesterases. Support for
their hypothesis was provided by the notion that mice
overexpressing UCP3 also have an increased expression
of mitochondrial thioesterases [45 .], and that the
thiazolidinedione-induced changes in UCP3 correlated
with the changes in mitochondrial thioesterases [46 .].
However, the upregulation of UCP3 in myotubes after
treatment with etomoxir [47 .], which blocks CPT1 and
therefore inhibits b-oxidation and fat oxidation, seems to
be less compatible with the latter hypothesis. Certainly
both hypotheses need further examination.

Conclusion
Five years after the discovery of the UCP1 homologue,
UCP3, its physiological function is still unsolved. Several
®ndings indicate that UCP3 might be related to energy
metabolism; however, based on the upregulation of
UCP3 in the fasting state and the lack of phenotype in
UCP3 knockout mice, it is clear that the primary
function of UCP3 is not to regulate energy metabolism.
Alternative functions for UCP3 have been postulated,
with a role for UCP3 in the regulation of ROS

production, glucose metabolism or fatty acid transport.
At present, there is evidence both for and against all
these putative functions, and many more studies are
needed to test them. Studies manipulating UCP3 within
the physiological range are awaited to resolve some of
the current paradoxes.

Even though the primary function of UCP3 is not the
regulation of energy metabolism, UCP3 might still
in¯uence energy expenditure as a secondary effect of
its physiological function. Therefore, once the physiolo-
gical function of UCP3 is revealed it might still be an
interesting target for the treatment and prevention of
obesity and type 2 diabetes.
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