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Thyroid hormones have long been known to stimulate energy
expenditure partly via loss of metabolic efficiency. The mecha−
nism underlying the loss in metabolic efficiency observed, how−
ever, is not yet understood. An important candidate gene respon−
sible for thyroid hormone induced thermogenesis was identified
in 1997 with the discovery of skeletal muscle−uncoupling protein
3 (UCP3), a protein with ~ 60 % homology to the brown adipose
tissue uncoupling protein 1 (UCP1). This short review summa−
rizes our presentation held at the ‘Thyroid and Sports’ meeting;
it does not aim to provide a concise overview of the available lit−
erature at this topic. Although induction of the UCP3 gene and in−
creased protein expression during hyperthyroidism has been
shown, there are no convincing data that increased UCP3 levels
account for the increase in thermogenesis in the hyperthyroid

Introduction
Total energy expenditure in free−living organisms comprises
diet−induced thermogenesis, basal metabolic rate and physical
activity−induced energy expenditure. Of these three compo−
nents, basal metabolic rate (BMR) usually accounts for more
than 60 % of total energy expenditure in homeotherms such as
humans [1]. The major (~ 81 %) determinant of basal metabolic
rate is the fat free body mass [1], which in turn mainly originates
from skeletal muscle and can be measured as oxygen uptake. The
vast majority of oxygen uptake is used for mitochondrial respira−

state in humans. In contrast to cell and animal studies using ec−
topic overexpression of UCP3 as a model, induction of UCP3 in
humans does not result in any apparent mitochondrial uncou−
pling. Hence, the primary physiological role of UCP3 may not be
mitochondrial uncoupling, but uncoupling may occur as a side
effect of a more pivotal role played by UCP3. Recently, UCP3 has
been hypothesized to export fatty acid anions and/or lipid perox−
ides away from the mitochondrial matrix to prevent mitochon−
dria from the harmful effects of peroxidized lipids. The present
review aims to provide an overview of studies testing the feasi−
bility of this unconventional function of UCP3.
Key words
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tion and is coupled tot ATP synthesis. During mitochondrial re−
spiration, a phosphor is donated to ADP at the expense of oxygen.
The energy needed for phosphor donation is derived from proton
pumping across the inner mitochondrial membrane (electron
transport chain). If all energy built up in the electron transport
chain is used to phosphorylate ADP in order to synthesize ATP,
the mitochondrion is referred to as a fully coupled mitochon−
drion. In vivo, however, estimates of up to 20 % have been made
of uncoupled respiration, or energy expenditure not resulting in
ATP synthesis. As uncoupled respiration is the most variable
component of BMR, the discovery of UCP3 [2], a protein with ap−
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Review
Abstract

Thyroid hormones have long been recognized as able to stimu−
late basal metabolic rate partly via loss of metabolic efficiency
[9]. The routes or molecular mechanisms resulting in thyroid
hormone−induced increases in energy expenditure have not yet
been established. Transcriptional control of genes such as UCP3
that are putatively involved in thermogenesis may contribute to
regulated stimulation of energy expenditure. Cloning of the gene
encoding UCP3 resulted in the discovery of a thyroid hormone−
responsive element in the promoter region [10], indeed suggest−
ing that UCP3 could be involved in the thermogenic response to
thyroid stimulation. More recently, it has been shown that action
of thyroid hormones on UCP3 gene transcription is mediated by
the binding of thyroid to a proximal region in the UCP3 gene pro−
moter [11]. Using chromatin immunoprecipitation assays, thy−
roid hormone was indeed shown to bind to this element in vivo
[11]. The presence of response elements for thyroid hormone
supports the observation that UCP3 mRNA levels in hypothyroid
rats were reduced to 32 % of control levels measured in euthy−
roidism. Administration of thyroid hormone to hypothyroid as
well as to euthyroid rats resulted in 4.7 and 6.2−fold increase in
UCP3 mRNA, respectively [12]. These findings were later con−
firmed at protein level [13] and UCP3 protein expression after a
single injection peaked in parallel with an increase in BMR [14].
Hence, UCP3 may be a determinant of T3−induced changes in en−
ergy expenditure. In addition to modulation of UCP3 gene tran−
scription by thyroid hormone, thyroid−related activation of
UCP3, at least in the fasted state, has also been shown [15]. In
this study, rats were fasted to induce a marked drop in Coenzyme
Q levels (CoQ), previously shown to be a necessary factor in acti−
vating uncoupling proteins in general [16], and UCP3 specifically
[17]. Interestingly, blunting of fasting−induced decreases in CoQ
by thyroid hormone resulted in increased UCP3 mediated uncou−
pling [15], as indicated by its GDP and superoxide dismutase sen−
sitivity.

Is UCP3 Primarily Involved in Regulation of Energy
Metabolism?
To address this question, contraintuitive data were reported in
early studies shortly after the discovery of UCP3. These studies
showed induction of the UCP3 gene [20] and increased UCP3 pro−
tein content [21] after fasting. This is of interest, as fasting is con−
sidered an energy−preserving condition, while increased uncou−
pling would result in energy dissipation. Also, the generation of
UCP3 knock−out mice does not support the idea that UCP3 pri−
marily contributes to energy expenditure as these mice failed to
have any apparent phenotype [22]. In a human model where
UCP3 protein content was increased by consumption of a high−
fat diet, we did not observe any change in post−depletion phos−
phocreatine resynthesis rate, indicating that despite an almost
50 % increase in UCP3 protein levels mitochondrial coupling was
unaffected [23]. The failure to identify UCP3 as a bona fide un−
coupling protein [24] prompted us and others to explore an alter−
native function of UCP3. As outlined above, UCP3 was inversely
associated with maximal aerobic capacity, a marker for training
status, and it seems feasible to expect a downregulation of UCP3
by exercise. Therefore, we initially examined the response of
UCP3 tot acute exercise.

UCP3 and Acute Exercise
We have previously reported an inverse relation between UCP3
and oxidative capacity [18] and low UCP3 protein levels in train−
ed individuals [25], indicating that physical exercise may affect
UCP3 levels. Hence, we examined the response of UCP3 to an
acute bout of exercise. The first indications that acute exercise
increases rather than decreases UCP3 came from a study show−
ing a progressive increase in transcriptional control rate of UCP3
during a four−hour recovery period after 60 ± 90 min of exhaus−
tive one−legged knee−extensor exercise [26]. In this respect, it is
important to note that adipose tissue lipolysis is stimulated and
free fatty levels steeply increase during acute exercise, especially
in a fasted state. As fatty acids are recognized ligands for the
transcription of many genes including UCP3 [13, 27 ± 30], it is
also important to study the effect of exercise per se such that po−
tentially confounding effects of increased fatty acids levels are
taken into account, that is, under conditions with high and low
fatty acid levels. To do so, we designed a study where subjects re−
ported to the laboratory on two different occasions, once in the
fasted and once in the fed state. After a pre−exercise biopsy, sub−
jects cycled for 120 minutes followed by an additional 240 min−
utes of recovery with muscle biopsies taken prior to, and two and
four hours after the onset of exercise. In the fasted trials, only
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Thyroid Hormone, UCP3, and Energy Expenditure

Also, under other conditions, UCP3 has been associated with
changes in determinants of energy expenditure; for example,
UCP3 mRNA levels are inversely associated with maximal oxida−
tive capacity and mechanical efficiency during stationary cycling
[18], and mice ectopically overexpressing UCP3 are hyperphagic
but lean [19]. Obviously, these associations do not imply that
UCP3 is causally linked to human energy metabolism and the
question remains as to whether the primary role of UCP3 is indeed
mitochondrial uncoupling and regulation of energy expenditure.

Review

proximately 60 % homology to UCP1, was considered a major
breakthrough in research towards the regulation of energy
expenditure. Early studies on Pima Indians revealed BMR to be a
very strong predictor of weight gain [3]. Interestingly, it was also
shown that UCP3 mRNA levels were negatively associated with
BMI and positively with BMR in Pima Indians [4]. These observa−
tions were not only made in Pima Indians but multiple condi−
tions resulting in increased energy expenditure are paralleled
by increased mRNA levels of UCP3, including prolonged cold ex−
posure [5], endotoxemia and sepsis [6 ± 8], suggesting that UCP3
could be related to energy expenditure. Increased energy expen−
diture in the hyperthyroid state was shown to occur in parallel
with increased mitochondrial proton leak in liver mitochondria,
with the opposite observed in hypothyroidism [9]. The combined
observation of associations between increased UCP3 mRNA lev−
els in circumstances of increased energy expenditure and thy−
roid−related modulation of mitochondrial proton leak has led to
the hypothesis that UCP3 may be involved in thyroid−hormone
induced increases in energy expenditure. The aim of this short
review is to summarize our presentation held at the ‘Thyroid
and Sports’ meeting, but does not aim to provide a concise over−
view of the literature available on this topic.

Review

UCP3 and Fat Metabolism, the Role of Exercise Training
A role for UCP3 in fat metabolism was also suggested by others,
showing, for example, acute induction of UCP3 by lipid infusion
[28]. Lipids were not only reported to affect UCP3 levels, but also
lipid oxidation has been linked to UCP3; for example, a poly−
morphism in the promoter of the UCP3 gene was reported to re−
sult in an apparent null mutation of UCP3 [32], which was asso−
ciated with decreased fat oxidative capacity as indicated by an
increased respiratory quotient [32]. To test the hypothesis that
UCP3 levels increase when fatty acid supply to the mitochondria
exceeds fat oxidative capacity, we used models possessing either
an increased or a decreased fat oxidative capacity.

552

Exercise training is a potent way to enhance fat oxidative capaci−
ty, resulting in increased fat oxidation measured by whole body
substrate oxidation and a shift towards more fat oxidative mus−
cle fibers. Low UCP3 protein levels were reported in a cross−sec−
tional study in well−trained human athletes [25]. Also, UCP3 was
found to be hierarchically expressed with the highest levels re−
ported in the fast glycolytic fibers and the lowest levels in slow
oxidative fibers [25]. The hierarchical expression of UCP3 was
observed both in the trained and in the untrained state [25] ±
suggesting that UCP3 increases when the fatty acid supply to mi−
tochondria is high and fat oxidative capacity is low, and vice ver−
sa. This is supported by observations in rat cardiac muscle, an or−
gan almost exclusively relying on fat oxidation for energy provi−
sion and well equipped to oxidize lipid, showing that UCP3 was
lower than values reported for oxidative soleus muscle in the rat
[33]. In a longitudinal design whereby previously untrained sub−
jects followed an exercise−training program for three months, we
observed a significant rise in fat oxidation [34] accompanied by a
significant decline in UCP3 [35] that correlated with the change
in triglyceride−derived fat oxidation. One short−term training
study showed eleven days of exercise training within a fortnight
to result in a nearly significant (p = 0.08) decrease in UCP3 pro−
tein content [36]. Reducing fat oxidative capacity in humans for
36 hours by pharmacological intervention with carnitine−palmi−
toyl−transferase 1 (CPT1) inhibitor Etomoxir resulted in a signifi−
cant decreased 24−hour fat oxidation and a significant increase in
UCP3 protein content [37]. In situations of prolonged decrease in
fat oxidation (such as mitochondrial lipid oxidation disorder ri−
boflavin−responsive multiple acylCoAdehydrogenase deficiency
(RRMAD)), impaired fat oxidation was accompanied by higher
UCP3 levels than in healthy control subjects [38]. Interestingly,

if RRMAD patients were treated with riboflavin, their fat oxida−
tive capacity was restored to control values and UCP3 levels con−
comitantly decreased [38].
These studies, and also many others, consistently show an in−
crease in UCP3 levels when fat oxidative capacity is low and the
supply of fatty acids to the mitochondrion is maintained or
elevated. The reverse also appears to be true ± muscle fibers or
people with a high fat oxidative capacity have low UCP3 content
and any improvement in fat oxidation is accompanied by a de−
crease in UCP3 levels.
These findings have led us and others to suggest that the primary
role of UCP3 is to lead fatty acids away from the mitochondrial
matrix under conditions where fatty acid load to the mitochon−
dria is high and fat−oxidative capacity is low [35, 39]. Under these
conditions, some of the fatty acids might not enter the mitochon−
drion in their esterified and oxidizable form via CPT1, but rather
via flip−flop after incorporation in the inner mitochondrial phos−
pholipid bilayer. These fatty acid anions are deprotonated due to
the proton gradient across the mitochondrial membrane. As the
mitochondrial matrix lacks an enzyme for esterification of long
chain fatty acid anions, these fatty acid anions are stuck in the
matrix and outward translocation needs a protein such as UCP3
that is capable of transporting fatty acid anions against the pro−
ton gradient in exchange for a proton, thereby reducing the pro−
ton gradient [40].
In this respect, the observation that fasting rats for 48 hours in−
creases UCP3 content with concomitant increases in enzymes fa−
voring fat oxidation [41] may well reflect a dual adaptive response
occurring within distinct time frames. It could thus be hypothe−
sized that the acute rise in circulatory fatty acids upon fasting
may result in increased fatty acid load to the mitochondria. To re−
lieve this load, UCP3 activity and gene transcription both acutely
increase. To preserve energy, however, it is favorable to oxidize the
fatty acids, explaining the increased gene transcription of fat oxi−
dative genes. The question remains as to the physiological rele−
vance of UCP3 as a fatty acid anion exporter.

UCP3 as a Mitochondrial Fatty Acid Anion Exporter ±
Physiological Relevance?
Mitochondria are the major site for production of reactive oxy−
gen species (ROS). The abundance of ROS formation during mito−
chondrial respiration depends on the proton gradient across the
innermitochondrial membrane such that a high proton gradient
increases ROS production [42]. Fatty acid anions trapped in the
mitochondrial matrix as well as intramyocellular lipids stored
within vicinity of the mitochondria [43] are prone to lipid perox−
idation in the presence of ROS. This reveals a dual function for
UCP3 : 1) lowering the proton gradient to reduce ROS production
and lipid peroxidation and 2) exporting the lipid peroxides
formed (or fatty acid anions before they become peroxidized)
away from the mitochondrial matrix. In this way, UCP3 clearly
plays a role in preventing lipotoxicity and maintaining skeletal
muscle mitochondrial integrity and function [44]. Support for a
role of UCP3 in modulating lipotoxicity comes from in vitro as−
says indicating that UCP3 activity is increased by superoxide
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plain water was provided to the subjects, whereas subjects con−
sumed glucose drinks prior to and 60, 90, 120, 180, 240 and 300
minutes after the onset of exercise in the fed trials. The fed glu−
cose ingestion trial almost completely abolished the rise in free
fatty acids classically observed during exercise in the fasted state
(FFA levels of 400 vs. 1,100 mmol, respectively) [31]. Interesting−
ly, the rise in plasma FFA during the fasted trial occurred in par−
allel with a rise in UCP3 mRNA levels, whereas no change in
UCP3 was detected in the fed state. This suggests that the acute
effect of exercise on UCP3 is not accounted for by exercise itself
but merely by exercise−induced changes in plasma FFA content
[31], pointing towards a putative role for UCP3 in the fat metab−
olism.

UCP3 in the Prevention of Lipotoxicity in Type 2 Diabetes

Thiazolidinediones (TZDs), a relatively novel class of insulin sen−
sitizers, have been shown to increase UCP3 mRNA levels in rats
[55] and improve fat oxidative capacity [56], indicating im−
proved mitochondrial function and possibly contributing to in−
terruption of the negative feedback loop outlined above. In line
with this, recent data from our lab indeed show increased UCP3
protein levels in human type 2 diabetes patients after TZD treat−
ment. Non−pharmacological routes to improve insulin sensitivity
include physical exercise training and a life style intervention
comprising dietary advice and regular physical activity. In type
2 diabetes, the patients showed increased UCP3 levels (Mensink
M., submitted) as did pre−diabetic impaired glucose tolerance
subjects included in an exercise training program or a life−style
intervention. Together, these novel observations indicate that
the decrease in UCP3 is part of the pathophysiology of impaired
glucose tolerance or insulin sensitivity. Note that in healthy con−
trol subjects, exercise training reduces UCP3 levels. Hence, we in−
terpret the increase in UCP3 content in type 2 diabetes in re−
sponse to TZD treatment, life−style intervention and physical ex−
ercise training as restoration of UCP3 towards control values. As
such, this rise in UCP3 contributes to the restoration of mito−
chondrial function and prevention to lipotoxicity.

With the possible exception of thyroid hormone−induced UCP3−
mediated increases in energy expenditure, there is no compel−
ling evidence that the primary physiological role of UCP3 is in
the regulation of energy metabolism. Rather, there is an increas−
ing amount of evidence supporting the hypothesis that UCP3
mainly serves outward translocation of fatty acid anions away
from the mitochondrial matrix under conditions of a mismatch
between mitochondrial fatty acid supply and fat oxidative capa−
city. By exporting non−oxidizable fatty acid anions in exchange
for a proton, UCP3 serves to prevent lipotoxicity, not only by fatty
acid anion export but also by blunting ROS production. The role
of UCP3 as a fatty acid anion exporter may be of particular rele−
vance in type 2 diabetes, where decreased UCP3 levels along
with disrupted mitochondria and mitochondrial dysfunction re−
sults in a negative feed−back loop that slowly but progressively
reduces mitochondrial function and hence fat oxidation. Inter−
ruption of this feed−back loop is of utmost importance in improv−
ing glucose tolerance and restoring insulin sensitivity in subjects
with impaired glucose handling.

Review

Interestingly, a role for UCP3 in the modulation of lipotoxicity is
especially apparent in type 2 diabetes. In contrast to what was
anticipated (high UCP3 levels if fat oxidative capacity is low and
supply of fatty acids to the mitochondrion is high, as is the case
in type 2 diabetes), we observed ~ 50 % lower UCP3 levels in type
2 diabetics than in healthy, BMI and age−matched controls [49].
Indeed, aberrations in mitochondrial morphology have been re−
ported in type 2 diabetes, along with mitochondrial dysfunction
[50, 51]. It has also been shown that myocellular lipids in type 2
diabetics have increased 4HNE content, reflecting a higher de−
gree of lipid peroxidation [52]. This indicates that decreased
UCP3 content is part of the complex etiology of type 2 diabetes,
and also that UCP3 may help prevent lipotoxicity. The combined
observation of downregulation of a cluster of oxidative genes un−
der control of PGC1a in type 2 diabetes as in their first degree re−
latives, indicating impaired mitochondrial function [53, 54] and
recent data from our lab reporting decreased UCP3 levels in the
pre−diabetic impaired glucose tolerant state (Mensink M., sub−
mitted), suggests that decreased UCP3 levels are not only part of
the etiology of type 2 diabetes, but also that low UCP3 levels con−
tribute to the pathogenesis of type 2 diabetes. Thus, it would be
important to examine what happens to UCP3 if the insulin resist−
ant state is alleviated, either by pharmacological intervention or
by other more physiological interventions.

Conclusion
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