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Review

Human Uncoupling Protein-3 and Obesity:
An Update
Matthijs K.C. Hesselink,* Marco Mensink,† and Patrick Schrauwen†

Abstract
HESSELINK, MATTHIJS K.C., MARCO MENSINK,
AND PATRICK SCHRAUWEN. Human uncoupling
protein-3 and obesity: an update. Obes Res. 2003;11:
1429–1443.
The cloning of the uncoupling protein (UCP)1 homologs
UCP2 and UCP3 has raised considerable interest in the
mechanism. The expression of UCP3 mainly in skeletal
muscle mitochondria and the potency of the skeletal muscle
as a thermogenic organ made UCP3 an attractive target for
studies toward manipulation of energy expenditure to fight
disorders such as obesity and type 2 diabetes. Overexpress-
ing UCP3 in mice resulted in lean, hyperphagic mice. How-
ever, the lack of an apparent phenotype in mice lacking
UCP3 triggered the search for alternative functions of
UCP3. The observation that fatty acid levels significantly
affect UCP3 expression has given UCP3 a position in fatty
acid handling and/or oxidation. Emerging data indicate that
the primary physiological role of UCP3 may be the mito-
chondrial handling of fatty acids rather than the regulation
of energy expenditure through thermogenesis. It has been
proposed that UCP3 functions to export fatty acid anions
away from the mitochondrial matrix. In doing so, fatty acids
are exchanged with protons, explaining the uncoupling ac-
tivity of UCP3. The exported fatty acid anions may origi-
nate from hydrolysis of fatty acid esters by a mitochondrial
thioesterase, or they may have entered the mitochondria as
nonesterified fatty acids by incorporating into and flip-
flopping across the mitochondrial inner membrane. Regard-
less of the origin of the fatty acid anions, this putative
function of UCP3 might be of great importance in protect-
ing mitochondria against fatty acid accumulation and may
help to maintain muscular fat oxidative capacity.

Key words: uncoupling protein 3, fatty acid metabolism,
energy expenditure, reactive oxygen species, lipotoxicity

Introduction
In all living systems, combustion of nutrients to carbon

dioxide and water is the main pathway for releasing the
energy needed to fuel cellular processes like ion pumping,
muscular contraction, protein synthesis, and degradation of
nutrients in the digestive tract. In all these processes, hy-
drolysis of adenosine triphosphate (ATP),1 the universal
phosphor donor, liberates the energy needed. Therefore, it is
of utmost importance that ATP levels are maintained, even
under conditions of severe energy stress. The vast majority
of ATP is synthesized in a process referred to as mitochon-
drial oxidative phosphorylation. Degradation of nutrients
like proteins, carbohydrates, and lipids ultimately results in
the production of the co-enzymes nicotinamide adenine
dinucleotide and flavin adenine dinucleotide, which can, in
turn, be oxidized to nicotinamide adenine dinucleotide
(NAD�) and flavin adenine dinucleotide and H� in ex-
change for an electron. This process, referred to as the
electron transfer or respiratory chain, is located in the inner
mitochondrial membrane. According to the chemiosmotic
theory defined by Mitchell and Moyle (1), the electron
transfer chain results in a net proton gradient across the
inner mitochondrial membrane. If the proton gradient is
high enough, the protons may flow back to the mitochon-
drial matrix through the F0-F1-ATPase, releasing the energy
needed to phosphorylate adenosine diphosphate (ADP) and
generate ATP (oxidative phosphorylation). In tightly cou-
pled mitochondria, there is no proton leak across the inner
mitochondrial membrane, and all the energy built up in the
respiratory chain can be used for (is coupled to) generation
of ATP.
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However, it has long been recognized that, even in the
absence of ADP, isolated mitochondria do show respiration.
Obviously, in this condition, the potential energy of the
proton gradient is not used for phosphorylation of ADP,
indicating that there is proton transfer across the inner
mitochondrial membrane that is not coupled to phosphory-
lation of ADP (referred to as proton leak or mitochondrial
uncoupling). This process, called state 4 respiration (Figure
1), indicates that uncoupling of mitochondria is an existing
phenomenon that occurs in mitochondria derived from nu-
merous tissues [e.g., brown adipose tissue (BAT), skeletal
muscle, and hepatocytes]. For most tissues, the physiolog-
ical significance of uncoupling is still unknown, but much is
learned from the mitochondrial uncoupling that occurs in
BAT. This tissue plays a recognized role in adaptive ther-
mogenesis, when the energy generated in the electron trans-
fer chain is released as heat rather than used for phosphor-
ylation of ADP, thereby allowing adaptation to cold.
Conversely, during hibernation, when preservation of en-
ergy is essential, BAT mitochondria become more tightly
coupled, attenuating energy expenditure and saving energy
stores. Moreover, only in BAT has the protein responsible
for mitochondrial uncoupling been identified and named
thermogenin [now called uncoupling protein-1 (UCP1)] (2).
Thus, this protein is responsible for adaptive thermogenesis
and, therefore, the regulation of energy balance in rodents.

As the amount of BAT in adult humans is scarce, it could
be argued that proton leak and its concomitant increase in

basal metabolic rate are trivial processes in adult humans. It
should be noted, however, that computations have been
made indicating that in vivo proton leak in liver and skeletal
muscle mitochondria may account for �20% of the basal
metabolic rate (3). In addition to this, it was shown that in
contracting skeletal muscle, proton leak makes up 15% of
basal metabolic rate (4). Whereas these studies clearly un-
derscore the impact of proton leak on basal metabolic rate,
the protein(s) responsible for the proton leak had not been
identified. Not surprisingly, the discovery of the UCP1
homologs UCP2 (5) and UCP3 (6) in 1997 was warmly
welcomed.

The ubiquitous expression of UCP2, the expression of
UCP3 in skeletal muscle, and their homology with the
“true” (7) uncoupling protein UCP1 made UCP2 and UCP3
attractive targets for interventions aimed at manipulating
energy expenditure. Extensive research toward the regula-
tion and the putative functions of these novel uncoupling
proteins has resulted in a vast amount of publications in the
last 6 years. Notwithstanding the overwhelming number of
studies published, there seems to be no consensus on a
possible role for these novel uncoupling proteins in the
regulation of energy expenditure and obesity. In fact, the
primary function of UCP2 and UCP3 is still under debate.
Because UCP3 is expressed almost exclusively in skeletal
muscle, which makes up �40% of the body mass in lean
individuals and is responsible for the majority of the basal
metabolic rate, the pioneering studies focused mainly on

Figure 1: Typical recording of oxygen uptake of mitochondria in vitro. In the presence of substrate, inorganic phosphate, and oxygen, with
ATP hydrolysis blocked, mitochondria start respiring at a relatively high rate (state 3 respiration). Under state 3 conditions, oxygen is
consumed and coupled to phosphorylation of ADP to ATP, which is driven by the energy liberated in the electron transfer chain (coupled
respiration). On depletion of ADP (because all ADP has been phosphorylated and ATP hydrolysis is blocked), mitochondria continue
respiration at a much lower rate, referred to as state 4 respiration. Because the energy generated in the electron transfer cannot be coupled
to oxidative phosphorylation (because ADP is depleted), this is uncoupled respiration. If uncoupling agents like dinitrophenol (DNP) or
p-trifluoromethoxy carbonyl cyanide phenyl hydrazone (FCCP) are added to the medium, the rate of uncoupled respiration is increased
(fully uncoupled respiration), as indicated by the rapid depletion of oxygen from the medium (dotted line). Note that uncoupled respiration
is an intrinsic trait of mitochondria (also of “normal healthy” mitochondria).
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UCP3 and its putative role in energy expenditure. Here we
aim to review the literature currently available on UCP3 in
relation to its regulation and function and the implications
for obesity.

Expression of UCP3 in Cell Systems
Based on the similarity of the amino acid sequences of

UCP3 and UCP1 [57%; (6)], suggestions were made that
UCP3 may possess uncoupling activity in vivo. Indeed, it
was shown that expression of recombinant human UCP3 in
yeast lowered the mitochondrial membrane potential (8),
increased basal oxygen consumption by 31%, induced a
20% increase in state 4 respiration in isolated mitochondria,
and retarded growth (9). It was also shown that overexpress-
ing UCP3 in yeast induced a decline in cellular respiration
coupled to oxidative phosphorylation from 57% to 11%;
this decline was concerted with a 33% increase in cellular
heat production (10). These findings seem to confirm un-
coupling activity of UCP3 in vitro. However, it was also
noted that, in a heterologous yeast expression system, the
uncoupling activity of UCP3 was hardly affected by
guanosine diphosphate (GDP) or ATP (11), which was
expected based on the similarity of UCP3 with UCP1.

Although the pioneering studies of (over)expression of
UCP3 in cell systems have certainly been valuable, these
studies have also been criticized (12). The main criticism
relates to computation of the respiratory control values (the
ratio of fully uncoupled respiration over state 4 respiration,
see Figure 1). Adding a chemical uncoupler to the incuba-
tion medium and measuring maximal respiration rates is
referred to as fully uncoupled respiration. Thus, if UCP3 is
considered a true uncoupler, it should increase state 4 res-
piration but leave the fully uncoupled state unaffected.
However, the fully uncoupled respiration in in vitro UCP3
overexpression conditions was lower compared with control
values. These results can be interpreted as a malfunctioning
of the electron transfer chain (12). Interestingly, it was
shown that yeast overexpressing UCP1 at modest concen-
trations possessed the expected uncoupling behavior (i.e.,
GDP inhibitable uncoupling and unaffected rates of the
fully uncoupled state), whereas yeast overexpressing UCP1
at higher concentrations were growth retarded, partly GDP
insensitive, and had decreased chemically uncoupled respi-
ration (13). These observations are similar to UCP3-ex-
pressing yeast and may indicate that expression of UCP3 in
yeast induces artifactual uncoupling, possibly induced by
improper incorporation of UCP3 in the inner mitochondrial
membrane. With respect to this, it is important to note that
it was shown that after sonication and differential centrifu-
gation, UCP3 and its degradation products were primarily
present in extramitochondrial fractions (14) rather than
folded properly into the mitochondria.

In conclusion, yeast systems expressing UCP3 in vitro
have taught us that UCP3 expression affects the mitochon-

drial membrane potential, decreases chemically uncoupled
respiration, and mildly increases state 4 respiration, and that
the observed uncoupling cannot be inhibited by GDP or
ATP, as in UCP1. Therefore, care should be taken when
extrapolating these findings to in vivo (human) conditions.

Is UCP3 a True Uncoupler?
UCP3 Overexpression

Encouraging data that UCP3 might be a true uncoupler in
vivo were reported by Clapham et al. (15), who showed that
mice overexpressing UCP3 (UCP3-tg) were lean despite the
fact that they are hyperphagic compared with their wild-
type littermates. Additional phenotypical changes, next to
the 66-fold up-regulation of UCP3 mRNA in skeletal mus-
cle, include 25% increase in resting oxygen consumption,
decreased fasting blood glucose and insulin levels, im-
proved glucose tolerance, decreased total cholesterol, and a
44% to 57% reduction in adipose tissue over total animal
volume. Shortly after this work, Li et al. overexpressed the
BAT-specific UCP1 in skeletal muscle (by coupling UCP1
cDNA to a myosin light chain promoter) (16) and showed a
similar phenotype (reduced body mass, decreased fasting
blood glucose and triglycerides, and prevention of diet-
induced obesity and insulin resistance). The straightforward
interpretation of these data is that UCP3 overexpression
results in increased energy expenditure and the accompany-
ing phenotype. The results would suggest that UCP3 would
be a good candidate for pharmaceutical up-regulation in the
prevention and/or treatment of obesity. However, along the
same lines as the overexpression of UCP3 in yeast was
challenged (the lack of inducible uncoupling and the lack of
inhibition by GDP), the increased proton leak and related
phenotype in the UCP3-tg mice were considered artificial
(17). Quantifying the absolute concentration of UCP3 in
mitochondria isolated from UCP3-tg and wild-type mice
(15) revealed that UCP3-tg mice had �22-fold more UCP3
protein than age-paired wild-types (3200 vs. 140 ng/mg
mitochondrial protein). According to Cadenas et al. (17),
the uncoupling observed at this supraphysiological level of
expression does not represent native uncoupling, because it
cannot be induced by fatty acids or be inhibited by purine
nucleotides as was shown for UCP3 expressed at physio-
logical levels (18). The inability of overexpressed UCP3 to
catalyze proton conductance was attributed to poor insertion
or folding of UCP3 in the mitochondria, whereas the authors
leave open the option that an unidentified endogenous co-
factor is required to provoke UCP3 to affect proton conduc-
tance. However, no attempts have been made to examine if
the protein was indeed poorly inserted or misfolded into the
mitochondria in mice expressing supraphysiological levels
of UCP3.

In an attempt to do so, we used immunogold electron
microscopy to study the localization of human UCP3
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(hUCP3) in the medial gastrocnemius muscle of mice over-
expressing UCP3 (15). Similar to previous reports (15,17),
the UCP3-tg mice had lower body mass compared with
wild-type littermates (22.4 � 0.9 vs. 25.9 � 0.8 g, respec-
tively) and a 5.8-fold higher UCP3 protein level. Using our
previously validated antibody specifically detecting hUCP3
(code 1331) (19,20), together with our antibody detecting
both hUCP3 and endogenous mouse and rat UCP3 (code
1338), we were able to delineate hUCP3 expression from
endogenous UCP3 expression in the UCP3-tg mice. It was
shown that in wild-type mice only expressing endogenous
UCP3, a clear mitochondrial labeling was observed with the
mice-specific antibody (1338), whereas using the anti-
hUCP3 (1331) antibody, no label was detected. In UCP3-tg
mice, the vast majority of the label was associated with the
inner mitochondrial membrane and the cristae and did not
result in extramitochondrial labeling (Figure 2). This may
indicate that artificial uncoupling in UCP3 overexpression
systems, as suggested previously (13,17,21), is not caused
by extramitochondrial expression of UCP3. This is in con-
trast with observations in yeast, where it was shown that
expression of UCP3 resulted in the majority of UCP3
present in extramitochondrial compartments (14). A major
difference between UCP3 expression in yeast and in the
UCP3-tg mice is the in vivo condition and, thus, the pres-
ence of all putative cofactors needed to induce or activate

UCP3. It should be noted, however, that our immunoelec-
tron microscopical observations do not exclude that im-
proper folding of UCP3 in the inner mitochondrial mem-
brane resulted in pores in the inner membrane, thus leading
to uncoupling in a way similar to protonophores (noninduc-
ible uncoupling). Moreover, the mice in our study showed a
5.8-fold up-regulation, which apparently is much lower than
other data available on UCP3-tg mice at the protein level
(17).

UCP3 Ablation
The generation of mice lacking the UCP3 gene (UCP3-

ko) by two independent groups (22,23) has complicated
matters. In these mice, decreased state 4 respiration with
similar state 3 respiration levels have been reported (23),
indicating more tightly coupled mitochondria. Whole body
oxygen uptake and fuel partitioning (reflected by respiratory
exchange ratio) under resting conditions were not affected
in UCP3-ko mice (22,23). Obviously, the lack of UCP3 was
not compensated for by induction of any of the other un-
coupling proteins known so far. The observation of more
tightly coupled mitochondria in UCP3-ko mice did not
result in apparent phenotypical changes (22,23). By creation
of a double knock-out, lacking UCP1 and UCP3, it was
shown that the phenotype observed after deletion of the
UCP1 gene was not more pronounced by the additional

Figure 2: Immunogold electron microscopy staining of UCP3 in the medial gastrocnemius muscle of UCP3-tg mice. The left panel shows
gold-labeled subsarcolemmal mitochondria, without staining in other subcellular constituents like the nuclei (n). The right panel shows
gold-labeled intramyofibrillar mitochondria with sparse background labeling on sarcomeres (s). The antibody used was tested to specifically
recognize human UCP3. Using this antibody, it was shown that, in UCP3-tg mice, the vast majority of the label was restricted to
mitochondria.
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deletion of UCP3 (22). Attempts to trigger a phenotype by
exposing the UCP3-ko mice to a series of conditions pre-
viously related to induction of uncoupling proteins (high-fat
feeding, cold exposure, stimulation with thyroid hormone)
did not result in differences between the UCP3-ko and their
wild-type littermates (22,23), which was anticipated given
the previous findings in mice overexpressing UCP3 (15).
Interestingly however, Vidal-Puig et al. reported increased
production of the superoxide anion in vitro and augmented
mitochondrial aconitase production, indicating in vivo pro-
duction of reactive oxygen species (ROS) in the UCP3-ko
mice (23). These findings led the authors to suggest that one
of the functions of UCP3 could be the prevention of exces-
sive oxidative stress by lowering the mitochondrial mem-
brane potential, thus lowering the probability for electrons
to interact with oxygen (23).

In line with a role of UCP3 in prevention of oxidative
stress, Echtay et al. suggested that for uncoupling proteins
to induce uncoupling, both superoxides and coenzymeQ are
obligatory factors (18). Indeed, it was shown that exogenous
superoxide induced uncoupling in skeletal muscle mito-
chondria only in the presence of coenzymeQ, showing a
2-fold increase in uncoupling if UCP3 levels were doubled
by fasting and a lack of effect of superoxide in mitochondria
isolated from UCP3-ko mice (18). The increased uncou-
pling was inhibited by purine nucleotides, and the activation
of uncoupling by superoxide was abolished if 0.3% bovine
serum albumin was added to the medium and was restored
by adding palmitic acid in the micromolar range (300
�mol), indicating a role for free fatty acids (FFAs) in the
activation of UCP3 (18). Although these studies clearly
indicate that UCP3 can be involved in regulation of oxida-
tive stress, one should keep in mind that the findings re-
ported are derived from isolated mitochondria exposed to
high levels of exogenous superoxide, which complicates
extrapolation of these findings to intact humans. With re-
spect to this, it is of relevance to note that the obligatory role
of coenzymeQ in inducing uncoupling has recently been
under debate; it was shown that after reconstitution of
UCP1, 2, and 3 in liposomes, the fatty acid catalyzed proton
flux in these liposomes was unaffected by the presence of
coenzymeQ (24). Rather, it was shown that the previously
observed relevance of coenzymeQ in uncoupling was com-
pletely accounted for by the effect of its solvent dichlo-
romethane (24).

In addition to in vitro measurements, an elegant, nonin-
vasive in vivo 31P-labeled nuclear magnetic resonance (31P-
NMR) approach has been used to assess mitochondrial
coupling in UCP3-ko mice. This approach revealed that the
unidirectional rates of ATP synthesis were increased in
UCP3-ko mice, whereas tricarboxylic acid (TCA) cycle flux
remained unaltered (25). These findings were interpreted as
evidence for uncoupling activity by UCP3 in vivo (25). It
should be recognized, however, that increased ATP synthe-

sis rate without alterations in TCA cycle flux is difficult to
interpret, and simply interpreting it as increased coupling
seems premature.

Mitochondrial Uncoupling in Physiological Conditions
Affecting UCP3

In Pima Indians, sleeping metabolic rate is a very strong
predictor of weight gain (26), and it was in this population
that we reported significant correlations of UCP3 mRNA
with both BMI (negative) and resting metabolic rate (posi-
tive) (27), suggesting that skeletal muscle UCP3 content is
related to energy expenditure. In this context, it was already
recognized that hyperthyroidism, characterized by increased
energy expenditure, was associated with increased proton
leak in liver mitochondria, whereas the opposite was ob-
served in hypothyroidism (28). Interestingly, hypothyroid
rats had only 32% of the UCP3 mRNA levels found in
controls. Treatment of hypothyroid, but also euthyroid, rats
with thyroid hormone induced a 4.7- and 6.2-fold increase
in skeletal muscle UCP3 mRNA (8). These findings were
extended with assessments of mitochondrial respiration
rates in the transition from the hypothyroid to the euthyroid
state, showing that state 3 and state 4 respiration rates were
ranked hierarchically from hypothyroid � euthyroid � hy-
perthyroid (29), suggesting that UCP3 is involved in medi-
ating the proton leak observed in hyperthyroidism. More
compelling data for a role of UCP3 in thyroid hormone-
induced increases in energy expenditure are presented by de
Lange et al. (30), showing that after a single dose injection
of thyroid hormone, UCP3 mRNA peaked at 24 hours after
injection. The increase in mRNA was reflected in increased
protein levels 65 hours after injection, with a concerted
increase in resting metabolic rate assessed in vivo (30).

Administration of thyroid hormone for 10 days in control
rats resulted in an 8.1-fold increase in UCP3 mRNA, with
concerted up-regulation of UCP3 at the protein level (2.8-
fold) (31). 31P-NMR spectroscopy revealed that the increase
in UCP3 protein was associated with increased TCA cycle
flux without an effect on unidirectional ATP synthesis rate;
this was interpreted by the authors as a 60% decrease in
mitochondrial coupling and has led them to suggest that
UCP3 is responsible for the increased energy expenditure
and thermogenesis observed after administration of thyroid
hormone (31). In humans treated with thyroid hormone,
similar changes in TCA cycle flux and unidirectional ATP
synthesis rate were observed (32). Unfortunately, no UCP3
levels were reported in that study (32). It should, however,
be noted that, although very elegant and noninvasive, results
from 31P-NMR spectroscopy with regard to mitochondrial
uncoupling have been nonuniformly interpreted; i.e., in-
creased unidirectional ATP synthesis rate without effect on
TCA cycle flux has been interpreted as decreased uncou-
pling (25), and, at the same time, increased TCA cycle flux
without an effect on ATP synthesis rate has been taken as a
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marker for increased uncoupling (31,32), whereas the com-
bination of decreased TCA cycle flux with decreased ATP
synthesis rate has been presented as a lack of effect on
mitochondrial uncoupling (33). Thus, under pathophysio-
logical conditions like hypo- or hyperthyroidism, UCP3-
mediated uncoupling cannot be excluded.

Another condition in which UCP3 protein levels are
up-regulated is on consumption of high-fat diets. We re-
cently showed that supplying subjects isocaloric high-fat vs.
low-fat diets (60% of energy as fat vs. 30% of energy as fat
with identical protein levels) resulted in a significant in-
crease in UCP3 protein levels within the physiological
range within 7 days (34). After severe exhaustive ischemic
contractile activity, mitochondrial coupling was measured
in vivo by measuring creatine phosphate resynthesis rate
after blood flow was reinstated. We concluded that, despite
a 44% increase in UCP3 protein content and with all po-
tential physiological modulators of UCP3 activity present,
mitochondrial coupling was not affected (34), suggesting
that mitochondrial uncoupling may not be the principal
function of UCP3 in vivo.

Summary
To summarize, detailed examination of UCP3-tg and

UCP3-ko mice has revealed that the observed phenotype of
UCP3-tg mice, with characteristics apparently beneficial in
the treatment of obesity, is most likely caused by uncou-
pling. Because the uncoupling in UCP3-tg mice is nonin-
ducible, it is considered artificial, possibly because of mis-
folded UCP3 and/or UCP3 loosely imported into the inner
mitochondrial membrane. However, immunoelectron mi-
croscopy studies have shown that, in the UCP3-tg mice,
almost all UCP3 expressed is confined to the mitochondria,
in contrast to observations in yeast. The UCP3-ko mice lack
an apparent phenotype, and reports on proton leak are
inconsistent. These findings indicate that 1) the phenome-
non uncoupling per se (inducible or noninducible) may be
advantageous in the prevention or treatment of obesity; and
2) it is, however, unlikely that under physiological condi-
tions, human UCP3 is a major contributor to the basal
proton leak, possibly with an exception for T3-induced
thermogenesis. Therefore, based on these studies, a role for
UCP3 in energy metabolism would not be anticipated. Nev-
ertheless, many studies have examined the effect of physi-
ological interventions that alter energy metabolism on
UCP3 expression to unravel the role of UCP3 in human
physiology and possibly the regulation of body mass.

UCP3 Expression under Physiological
Conditions Affecting Energy Metabolism

Linkage and Association Studies
Shortly after the discovery of the UCP3 gene, the

genomic structure and chromosomal localization of hUCP3

were identified (35). It was shown that UCP3 was mapped
within 7 kb of the UCP2 gene on chromosome 11q13, a
region that has been linked to obesity and hyperinsulinemia
(5). Several polymorphisms in the UCP3 gene have been
identified (36–42) and related to markers of energy metab-
olism and obesity. We have recently reviewed the effect of
UCP3 polymorphisms known so far and concluded that the
effect on markers of obesity shows inconsistent results (43).

Nonetheless, one of the early detected and promising
observations was an exon 6-splice donor polymorphism,
resulting in an apparent null mutation of UCP3, reported in
Gullah-speaking African Americans with early onset severe
obesity (BMI � 38 kg/m2) and type 2 diabetes (44). Inter-
estingly, carriers of the exon 6-splice donor mutation had a
significant (p � 0.0188, n � 24) 50% decrease in fat
oxidation (44). It was this observation that tempted the
authors to suggest that UCP3 may increase fat oxidation by
introducing fatty acids into the mitochondrial matrix (44)
and explain the declined fat oxidation in the carriers of the
polymorphism. In later studies in African Americans (45) or
in Danish whites (46), carriers of the exon 6-splice donor
mutation showed no changes in resting metabolic rate or
fuel partitioning.

Overall, the inconsistency in results linking UCP3 poly-
morphisms to obesity-related phenotypes does not favor a
significant role for UCP3 in the regulation of energy expen-
diture, although a role of UCP3 in substrate metabolism in
selected populations cannot be excluded.

UCP3 Expression after �-Adrenergic Stimulation
Another condition accompanied by increased thermogen-

esis is �-adrenergic stimulation. It was shown that ephed-
rine induced a 60% increase in oxygen consumption, and it
was estimated that �50% of this increase was accounted for
by muscular thermogenesis (47). Similar estimates of the
contribution of skeletal muscle to adrenalin-induced in-
creased energy expenditure were made (48). Given the
skeletal muscle–specific expression of UCP3, it is tempting
to relate the �-adrenergic increase in thermogenesis to
UCP3.

Intraperitoneal injections with the �3 adrenergic agonist
CL-316243 in rats induced a prominent increase in UCP3
mRNA in white adipose tissue and, to a lesser extent, in
skeletal muscle (8). Using the same compound, similar
observations were made in obese rats treated for 10 days
(49). This finding, however, could not be reproduced by
others using trecadrine as a �3-agonist (50). The observa-
tion in L6 myotubes that isoproterenol and salbutamol (�2-
agonists) increased UCP3 mRNA levels, whereas propran-
olol (a �2-antagonist) blunted the observed increase (51),
suggests that UCP3 may play a role in �-adrenergic activa-
tion-induced thermogenesis. However, observations of in-
creases in UCP3 after �-adrenergic stimulation are biased
by increased lipolysis and a concomitant rise in FFA levels,
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known to induce UCP3 expression. To delineate the direct
effect of �-stimulation from the effect of increased lipolysis
on skeletal muscle UCP3 expression, we recently studied
the effect of salbutamol infusion with and without acipimox
(to block lipolysis) in humans. We found that salbutamol
infusion did not increase UCP3 mRNA levels, but lowering
FFA levels by blocking lipolysis with acipimox during
salbutamol infusion resulted in a decrease in UCP3 mRNA
(52). These results might imply that �-adrenergic stimula-
tion does not affect UCP3 directly but rather indirectly by
increasing FFA levels. Nevertheless, no studies have been
performed that directly examine the effect of �-adrenergic
stimulation on mitochondrial uncoupling, leaving the pos-
sibility open that uncoupling is involved in �-adrenergic–
induced energy expenditure.

Dietary Status, Plasma FFA Levels, and UCP3
Expression

One of the early remarkable findings was that caloric
restriction for 5 days resulted in a �2- to 3-fold increase in
UCP3 mRNA levels in lean and obese humans (53). In a
study in rodents, it was shown that a 48-hour fast induced a
5.6-fold increase in UCP3 mRNA in the rat tibialis anterior
muscle and that 24-hour fasting induced a 3.5-fold increase
in UCP3 mRNA in the mouse soleus muscle without affect-
ing basal heat production in vitro (54). These seemingly
paradoxical observations, i.e., increased expression of
UCP3 under conditions of attenuated energy expenditure,
were put into perspective when plasma FFA levels were
taken into consideration. Fatty acids have long been recog-
nized as potent regulators of gene transcription for numer-
ous genes. Indeed, it was shown that the 10-fold increase in
UCP3 in rats fasted for 24 to 72 hours could be mimicked
by elevation of fatty acid levels (by infusion of Intralipid
together with heparin; Pharmacia, Clayton, NC), whereas
other physiological responses known to occur during fasting
(a fall in leptin and increased corticosterone levels) had no
effect on UCP3 mRNA (55). In addition, a fasting-induced
(30 hour) increase in UCP3 mRNA was completely re-
versed within 2 hours of refeeding (56). The importance of
fatty acids in induction of UCP3 is further illustrated by the
observation that, in skeletal and heart muscle from fetal
mice, UCP3 is not induced until lactation with high levels of
fat, whereas a high-carbohydrate diet at weaning induces a
decrease in UCP3 mRNA levels (57).

The effects of a fasting-induced increase in UCP3 on
mitochondrial energy metabolism have been examined in
control mice and UCP3-ablated mice. Again, fasting in-
duced up-regulation of UCP3 mRNA in control mice but
did not affect proton motive force and state 4 respiration
(58). Interestingly, this was the first study to report in-
creased respiratory exchange ratio values if UCP3-ko mice
had ad libitum access to food compared with ad libitum–fed
controls (58). Fasting attenuated these differences, albeit

nonsignificantly. These observations were interpreted as
supportive of the idea that UCP3 plays an important role in
fat oxidation (58). Because subjects with decreased fat
oxidative capacity are prone to developing obesity (59), the
increased respiratory rate observed in UCP3-ablated mice
could indicate that a complete lack of UCP3 may, in the
long run, increase the propensity for obesity. With respect to
this, it is of relevance to note that, in carriers of the exon
6-splice donor mutation, resulting in the absence of UCP3,
conflicting data have been reported on respiratory exchange
values.

Modifying nutritional status by feeding a high-fat diet has
also been reported to profoundly affect UCP3 expression, as
indicated, among others, by observations in weaning mice
(60). In 5-week-old rats, UCP3 was induced on isocaloric
high-fat feeding in gastrocnemius muscle and was reported
to depend on both chain length of the fatty acids as well as
on the extent of saturation (61). Feeding rats, ad libitum, a
high-fat (60% of energy from fat) vs. a low-fat diet (12% of
energy from fat) resulted in significant elevations in plasma
FFA levels and induced a 2-fold increase in UCP3 protein
level after 4 weeks of feeding, without affecting mitochon-
drial uncoupling or 24-hour energy expenditure (62). In
humans, consumption of a high-fat diet by healthy, trained
athletes for 4 weeks (41% of energy from fat vs. 17% of
energy from fat) also resulted in increased UCP3 mRNA
expression, with the most prominent results in humans with
a high percentage of type IIa muscle fibers (63). In a recent
study, feeding well-trained subjects high- and low-fat diets
(65% of energy from fat vs. 70% to 75% of energy as
carbohydrate) for only 5 days in a crossover design did not
affect UCP3 gene expression, in contrast to other genes
involved in lipid metabolism (64). The lack of effect of a
high-fat diet on UCP3 may have been because of the rela-
tively short period of high-fat consumption, possibly in
combination with the selection of subjects recruited.

Together, these studies clearly indicate that increasing
circulatory FFAs, either by fasting or by consumption of a
high-fat diet, consistently results in induction of the UCP3
gene, with concordant changes in UCP3 protein content.
This increase seems to depend on chain length and the
extent of saturation of the fatty acids ingested. In none of the
cases reporting increased UCP3 mRNA or protein levels
was evidence found linking fatty acid–induced increased
UCP3 to increased mitochondrial uncoupling. Thus, it
seems that UCP3 does not play a major role in the preven-
tion of high-fat diet–induced obesity.

Acute and Frequent Physical Activity and UCP3
Expression

Exercise, both acute and regular, plays an important role
in the prevention of obesity, by enhancing either energy
metabolism or fatty acid oxidation. Therefore, the effect of
exercise on UCP3 regulation has been studied extensively.
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With regard to exercise, it is of importance to discern the
effects of acute exercise from the effects of exercise train-
ing. There seems to be consistency with regard to the
up-regulating effect of acute exercise on UCP3 levels. Two
hours of treadmill running induced a 252% increase in
UCP3 mRNA in white gastrocnemius and a 63% increase in
red gastrocnemius (65). It has also been shown that the
extent of increase in UCP3 depends on the duration of
exercise; after only 30 minutes of exercise, UCP3 mRNA
increased slightly, but significantly (66). When exercise was
continued for 200 minutes, the induction in UCP3 was
much more prominent, reaching levels of �700%, with
similar induction by either swimming exercise or treadmill
running (66). In this study, increased mRNA matched al-
most perfectly with increased protein expression (66). In
humans, 4 hours of cycling exercise induced an increase in
transcriptional activity of UCP3 of almost 600% (67). The
extent of increase was linked to the exercise duration, show-
ing the most prominent induction after 4 hours of exercise
(67).

A straightforward interpretation of this would be that
exercise per se induces UCP3 transcription. If this would be
the case, one would expect exercise training to result in
increased UCP3 protein levels. Strikingly, rats housed for 9
weeks in cages equipped with running wheels, permitting
increased spontaneous activity, had UCP3 levels similar to
their sedentary counterparts (65). When subjected to an
endurance training program of stepwise incremental load
for 4 weeks followed by another 4 weeks at the same level
of training volume and intensity, UCP3 was significantly
down-regulated in soleus and anterior tibialis muscle, with
the most prominent decrease in the latter (less oxidative)
muscle (68). In endurance-trained humans, UCP3 mRNA
levels were significantly lower compared with physically fit
but untrained controls (maximal power output, 5.6 vs. 3.9
W/kg body weight) (69). Subsequently, observations of
decreased UCP3 mRNA in subjects after endurance training
or in trained subjects were extended to the protein level
(70,71).

The complete absence of contractile activity after dener-
vation results in a marked increase in UCP3 mRNA in rat
skeletal muscle within 72 hours after cutting the sciatic
nerve (65). Comparable observations were made in skeletal
muscles of tetraplegic humans, showing increased UCP3
mRNA levels, which returned to control levels after an
8-week training program of electrically stimulated cycling
exercise (72).

The paradoxical increase of UCP3 mRNA after acute
exercise and the decrement in UCP3 after exercise training
or in endurance-trained athletes indicate that it is not exer-
cise per se that affects UCP3 expression. To distinguish the
effects of exercise as such from the exercise-induced in-
crease in fatty acid levels, we monitored UCP3 mRNA
expression before and 4 hours after a 2-hour cycling exer-

cise (73). Subjects were tested after an overnight fast and
were given only plain water during and after exercise. This
protocol resulted in substantial increases in plasma FFA
levels, peaking to 1000 �M immediately after cessation of
exercise and remaining elevated during the 4-hour postex-
ercise period (�800 to 900 �M) (73). In a second test, fatty
acid levels were blunted by ingestion of glucose (1.4 g/kg
body weight, in a 20% solution) before exercise and doses
of 0.35 g/kg body weight, in a 10% solution, during and
after exercise. Glucose ingestion successfully suppressed
lipolysis as indicated by the lack of effect of exercise on
plasma FFAs and the decline in fat oxidation observed in
the glucose trial (73). Under both conditions, subjects were
able to maintain euglycemia throughout and after exercise.
We showed that, only in the fasting trial, with very high
levels of fatty acids present, UCP3 mRNA was increased 4
hours after exercise, whereas in the glucose condition, with
no changes in fatty acid levels but with exercise of the same
duration and work load, no effect on UCP3 mRNA was
detected (73). Thus, we concluded that observations of
increased UCP3 mRNA after acute exercise are mediated by
prolonged increased FFA levels and not by another factor
intrinsically related to physical exercise.

Interestingly, Hildebrandt and Neufer (74) reported that 2
hours of treadmill running significantly attenuated the fast-
ing-induced increase in the transcriptional rate of UCP3, but
not other genes related to lipid metabolism like lipoprotein
lipase, long-chain acylCoA dehydrogenase, or carnitine
palmitoyl transferase 1 (74). The authors suggested that
fasting and exercise might trigger opposing regulatory
mechanism(s) (74). This observation may indicate that it is
not just FFA levels regulating UCP3 expression but that
regulation of UCP3 expression is more delicate.

In summary, there seems to be consensus that acute
exercise induces up-regulation of UCP3, most likely be-
cause of elevated plasma FFA levels. Interestingly, the
study by Hildebrandt and Neufer (74) indicates that if fatty
acid levels are increased at the onset of exercise, exercise
may attenuate the increase in UCP3 mRNA. In this respect,
it is important to note that initiation of exercise with ele-
vated plasma FFA levels readily results in oxidation of fatty
acids and consequently lower plasma fatty acid levels. This
may indicate that the balance between fatty acid delivery to
the cell and mitochondrial oxidation of fatty acids plays a
crucial role in regulation of UCP3 expression. Along these
lines, the decline in UCP3 content observed in trained
individuals or after training can be explained by the train-
ing-induced increase in fat oxidative capacity. Indeed, we
previously showed that UCP3 mRNA correlated negatively
with maximal aerobic capacity (69). Although we are not
aware of any studies aiming to examine the decrease in
UCP3 in trained subjects in relation to mitochondrial cou-
pling, indirect negative associations between UCP3 mRNA
and mechanical efficiency point toward improved energy
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efficiency (69). It should be noted, however, that patients
suffering from chronic respiratory disease have decreased
mechanical efficiency (75) while having lower UCP3 pro-
tein content (76).

From Regulation to Putative Physiological
Function of UCP3

Clues from Studies Physiologically Manipulating UCP3
As discussed above, several observations have been made

suggesting that regulation of UCP3 is closely related to fatty
acid metabolism. This has led to the suggestion that UCP3
is involved in the regulation of lipids as fuel substrate rather
than as a mediator of regulatory thermogenesis (77). This
suggestion was based, for the most part, on the tissue-
dependent differential mRNA expression of the UCP ho-
mologs in skeletal muscles of distinct fiber typology, which
is consistent with the differential requirement of these tis-
sues for lipids during fasting and their ability to shift from
glucose to fat oxidation during refeeding and exercise.
Thus, it was shown that increases in UCP3 mRNA, under
conditions of elevated FFA levels, were more pronounced in
muscles comprised of fibers enzymatically equipped for
glycolysis (type IIa and IIx fibers) than in muscles made of
slow (type I) fibers with a high fat oxidative capacity
(55,78). In addition, when examined at the cellular level,
protein expression of UCP3 was most prominent in glyco-
lytic type IIb (or type IIx) fibers, with somewhat lower
expression in type IIa fibers and the lowest expression in the
fat oxidative type I fibers, in healthy humans and type 2
diabetics (20,70). Given the low expression of fat oxidative
enzymes in type IIx fibers and the high level of UCP3
expression, it is not conceivable that UCP3 serves to facil-
itate fat oxidation. Also, decreased UCP3 content in skeletal
muscle of endurance-trained athletes (70), known for their
high fat oxidative capacity, does not favor the idea that
UCP3 plays a major role in modulating fat oxidation. In
fact, when lean, previously untrained subjects participated
in a 3-month training program, their fat oxidative capacity
increased significantly (79), whereas plasma FFA levels
remained unaltered. Analyses of UCP3 protein content pre-
and post-training revealed that training induced a decrease
in UCP3. This decrease in UCP3 negatively correlated with
the training-induced increase in fat oxidation; i.e., the sub-
jects with the most prominent increase in fat oxidative
capacity showed the most prominent decrease in UCP3
protein (71). The high capacity to oxidize fats in trained
athletes may also be the reason for the observation that
consumption of a high-fat diet for 5 days failed to affect
UCP3 mRNA levels in athletes (64), whereas feeding a diet
with comparable high levels of fat to normal healthy sub-
jects (with normal fat oxidative capacity) for 7 days resulted
in up-regulation of UCP3 at the protein level (34).

The reports referred to above indicate that increased fat
oxidative capacity without marked increases in fatty acid

supply induces down-regulation of UCP3 rather than up-
regulation, which was anticipated if the role of UCP3 was to
modulate fat oxidation. Another model in which fat oxida-
tive capacity is increased while plasma FFA levels are
reduced is after weight reduction induced by caloric restric-
tion for 10 weeks. Under these conditions, we have reported
decreased UCP3 protein levels that correlated well with
skeletal muscle fatty acid binding protein content (19).
Interestingly, in obese patients (BMI � 42 kg/m2) subjected
to biliopancreatic diversion, a massive decrease in fat mass
(55%) was paralleled by significant reductions in UCP3
mRNA (45%) and protein (35%) (80). Thus, despite down-
regulation of UCP3, a massive reduction in body mass was
observed, indicating that UCP3 plays no obligatory role in
loss of body mass.

On the other hand, conditions in which UCP3 is up-
regulated are characterized by a rapid rise in fatty acid
levels without improved fat oxidation capacity, such as
fasting, acute exercise, and fatty acid infusion. In experi-
mentally induced diabetes in rodents by administration of
streptozotocin, fatty acid levels rise acutely without instan-
taneous effects on fat oxidative capacity. Indeed, increased
UCP3 levels have been reported at the mRNA level after
administration of streptozotocin (81,82).

Altogether, the consistent conclusion of these studies is
that UCP3 levels increase if there is an imbalance in fatty
acid delivery and fat oxidation or, more precisely, if the
supply of fatty acids to the mitochondria exceeds the ca-
pacity of the mitochondria to oxidize fatty acids.

Deduction of the Principal Physiological Function of
UCP3: A Hypothesis

Oxidation of long-chain (�C12) fatty acids starts with
import of fatty acids into the mitochondria. To do so, the
fatty acids need to cross the outer and the inner mitochon-
drial membrane. Whereas nonesterified (free) fatty acids
can cross the outer mitochondrial membrane, transport
across the inner mitochondrial membrane is more intricate.
Transport across the inner mitochondrial membrane is, in
general, facilitated by the carnitine acyltransferase system
(CAT1 and CAT 2), which catalyzes the transport of fatty
acyl-coenzyme A (acylCoA) esters. Outside the mitochon-
dria, fatty acids are esterified by fatty acylCoA synthetase,
resulting in fatty acylCoA, which, in turn, is converted into
acylcarnitine by CAT1. Acylcarnitine crosses the inner mi-
tochondrial membrane, where it is reconverted to fatty acyl-
CoA by CAT2. Only in this form can fatty acids be de-
graded in the �-oxidation to acetylCoA, which, in turn, may
enter the TCA cycle. Any defect in uptake through the
carnitine acyltransferase system or downstream in �-oxida-
tion will lead to decreased fat oxidation.

However, it has also been shown that transport of FFAs
through phospholipid membranes occurs spontaneously
when fatty acids are incorporated into the phospholipid
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bilayer. Once incorporated, these fatty acids exist as both
ionized and unionized species, and the unionized species
crosses the membrane rapidly by flip-flop (83). In adipo-
cytes, it was shown that entry of fatty acids occurred at high
and low concentrations of fatty acids after kinetics of simple
diffusion (83). This implies that if the load of fatty acids to
the mitochondria is very high (e.g., after high-fat feeding,
infusion of lipids, or acute exercise in the fasting state), a
noteworthy portion of the fatty acids may enter the mito-
chondria through flip-flop in their nonesterified form. As
fatty acids reach the mitochondrial matrix, they will be
deprotonated because of the high pH, accumulating nones-
terified fatty acid anions within the mitochondrial matrix.
Because mitochondria lack long-chain fatty acylCoA syn-
thetase, these fatty acid anions cannot be esterified and,
therefore, cannot be diverted toward �-oxidation; neither
can they flip-flop back because of the proton gradient. Thus,
prolonged exposure of mitochondria to fatty acids in levels
high enough to exceed the oxidative capacity, either by
limitations in the carnitine shuttle system or by defects more
downstream, may result in redundant accumulation of fatty
acid anions within the mitochondrial matrix. Here they may
exert deleterious effects on mitochondrial function and may
damage mitochondrial DNA. Mitochondrial DNA is more
sensitive to damage than nuclear DNA and can be less
efficiently repaired, underscoring the need to avoid the
deleterious effects of increased levels of nonesterified fatty

acid anions within the mitochondrial matrix. With respect to
this hypothesis, it is of interest to note that UCP3 has been
associated with a modulating role in oxidative stress by
lowering production of ROS (23), thus lowering the risk of
mitochondrial DNA damage. Because transport of fatty acid
anions seems to be an accepted property of uncoupling
proteins (24,84,85), this has led us to hypothesize that UCP3
may function as a fatty acid anion exporter in exchange for
a proton (Figure 3). Thus, UCP3 may primarily function as
part of the mitochondrial defense mechanism against an
excess load of fatty acids (71). It should be noted that by
outward transport of fatty acid anions, the mitochondrial
proton gradient is lowered and UCP3 might, as a conse-
quence, possess mild uncoupling as a side effect.

Shortly after we submitted the paper describing this al-
ternative role of UCP3 (71), a paper with a similar hypoth-
esis was published (86). In this paper, Himms-Hagen and
Harper propose that, once inside the mitochondrial matrix in
their esterified form, not all fatty acylCoA esters are di-
verted toward �-oxidation, but that some may be hydro-
lyzed by a mitochondrial thioesterase (MTE1), resulting in
fatty acids and coenzyme A. Again, because of the lack of
fatty acylCoA synthetase within the mitochondrial matrix,
outward transport of the fatty acid is preferred, and UCP3 is
the protein hypothesized to be responsible. The authors
suggest that the energy needed to esterify the fatty acids
before entering the mitochondrial matrix (two ATP per fatty

Figure 3: Schematic model of UCP3’s putative function. UCP3 functions to export fatty acid anions from the mitochondrial matrix. These
fatty acid anions might be derived either from entry of long-chain nonesterified fatty acids that entered the mitochondrial matrix by flip-flop
across the mitochondrial innermembrane or by hydrolysis of fatty acid esters by an MTE1. Please note that by exporting fatty acid anions,
UCP3 might still affect mitochondrial uncoupling. OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; ACS,
long-chain fatty acylCoA synthetase.
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acid) may contribute to the increased energy expenditure
observed in systems expressing UCP3 abundantly (86). This
futile cycle may serve to liberate coenzyme A and regener-
ate the supply of coenzyme A-SH required for other meta-
bolic processes within the mitochondria.

Regardless of the origin of the fatty acid anion within the
matrix [either flip-flop of nonesterified fatty acid (originat-
ing in cytosol) across the inner mitochondrial membrane or
by generation of nonesterified fatty acid by hydrolysis of
fatty acylCoA by a mitochondrial thioesterase], both hy-
potheses propose that the primary role of UCP3 is the
outward translocation of fatty acids away from the mito-
chondrial matrix. It should be noted that we hypothesize that
fatty acid anion export is essential to prevent mitochondrial
damage (e.g., by lipid peroxidation or damage to mitochon-
drial DNA), whereas Himms-Hagen and Harper propose
that fatty acid anion export serves to liberate CoASH re-
quired for other metabolic processes.

Testing the Feasibility that UCP3 is a
Mitochondrial Fatty Acid Anion Exporter

UCP3 and MTE1 Are Regulated Concordantly
The observation that mice overexpressing UCP3 pos-

sessed increased levels of MTE1 (87) was interpreted by
Himms-Hagen and Harper as support for their hypothesis
that UCP3 is an outward translocator of fatty acids gener-
ated by MTE1. As the levels of UCP3 expression in the
UCP3-tg mice greatly exceed physiological levels, the au-
thors extended their findings in obese and insulin-resistant
(db/db) mice and in their lean nondiabetic controls with
endogenous UCP3 expression. In these mice, selective
agonists of peroxisome proliferator-activated receptors
(PPAR)� and � (Wy-14.643 and rosiglitazone, respectively)
were used to affect UCP3 gene expression (88). Interest-
ingly, under basal conditions, db/db mice had increased
skeletal muscle levels of UCP3 and MTE1 compared with
their controls (88). If treated with rosiglitazone or the Wy-
compound, UCP3 and MTE1 were concordantly decreased
compared with nondiabetic controls. The authors concluded
that if changes in UCP3 mRNA occurred, these were com-
plementary with changes in MTE1, suggesting that they are
involved in the same metabolic pathway, either in response
to, or as regulators of, fatty acid oxidation (88).

The above-mentioned studies clearly indicate that UCP3
and MTE1 are transactivated under the experimental con-
ditions described. It should be noted, however, that in both
experiments in which endogenous UCP3 was induced
(88,89), this was achieved by treatment with agonists of
either PPAR� and/or PPAR�. Both UCP3 (90,91) and
MTE1 (92) have PPAR responsive elements. Thus, the
observed concerted up-regulation of UCP3 and MTE1 may
reflect their PPAR responsiveness rather than a functional
coupling between the two genes.

Clearly, the concordant response of UCP3 and MTE1 is
an intriguing observation, compatible with a role of UCP3
as a fatty acid anion exporter. Detailed examination to
elucidate if the transactivation of MTE1 and UCP3 also
occurs in humans and after nonpharmaceutical induction of
the UCP3 gene is required.

Manipulation of the Balance of Fat Supply and Fat
Oxidation in Relation to UCP3 Expression

To examine if UCP3 increases if the supply of nonest-
erified fatty acids to the mitochondria is increased and, thus,
to test the feasibility that UCP3 could act as a fatty acid
anion exporter, we blocked mitochondrial entry of fatty
acids through CAT1 by administering Etomoxir (HPO
Wolf, Projekt Entwicklung GmbH, Allensbach, Germany)
for 36 hours to human subjects while they were consuming
high-fat diets (to increase fatty acid supply). As a conse-
quence, the concentration of sarcoplasmic FFAs will rise,
and the fraction of fatty acids entering the mitochondria in
their nonesterified form increases. Using respiration cham-
bers, we showed that Etomoxir effectively interfered with
fat oxidation, given the decreased fat and increased carbo-
hydrate oxidation (93). In all subjects, UCP3 levels were
increased after Etomoxir treatment compared with controls,
resulting in an average increase of 67% at the UCP3 protein
level after 36 hours! Furthermore, we observed a negative
correlation between the decrease in fat oxidation after Eto-
moxir treatment and the increase in UCP3 protein (93).
These data are highly compatible with our hypothesis that
UCP3 exports fatty acid anions derived from “flip-flop”–
driven entry of nonesterified fatty acids. In addition, it
should be noted that blockade of CAT1 is an experimental
condition in which the entry of fatty acylCoA into the
mitochondria is reduced, making it unlikely that the induc-
tion of UCP3 was related to the action of MTE1.

In addition to manipulation of fatty acid delivery to the
mitochondria, we studied the effect of defective fat oxida-
tive capacity. In rats rendered diabetic by treatment of
streptozotocin, decreased fatty acid oxidative capacity was
associated with increased UCP3 mRNA levels in the heart
(81). Under healthy conditions, the heart relies almost ex-
clusively on fat oxidation and is well equipped to efficiently
handle lipids over a wide range of conditions. When think-
ing of UCP3 as a mitochondrial fatty acid anion exporter, it
is not striking that UCP3 has been reported only at very
modest protein levels in cardiac muscle. We recently con-
firmed the results of Hidaka et al. (81), showing a signifi-
cant and massive increase in UCP3 mRNA and protein
expression, which was closely associated with increased
cytosolic fatty acids in the hearts of streptozotocin-treated
rats (van der Vusse et al., unpublished data). This observa-
tion directly links the change in UCP3 to the change in
sarcoplasmic nonesterified fatty acids.
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Alterations in fat oxidative capacity will also be reflected
in changes in UCP3 levels, because the mitochondria will
then be able to extract more esterified fatty acids from the
cytoplasm, and the level of nonesterified fatty acids entering
the mitochondria will drop. Patients suffering from ribofla-
vin responsive multiple acylCoA dehydrogenase deficiency,
a rare mitochondrial myopathy, are characterized by se-
verely hampered fat oxidation and excessive muscular stor-
age of lipids, which can be reversed partly by treatment with
riboflavin. Untreated riboflavin responsive multiple acyl-
CoA dehydrogenase deficiency patients show decreased
oxidative capacity, excessive intramyocellular storage of
lipids, and significant increases in UCP3 mRNA and protein
(94). Treatment with riboflavin induced a return of fat
oxidative capacity to control values and induced a signifi-
cant drop in intramyocellular lipids. These notable changes
in fat oxidation were accompanied by a return of UCP3
protein levels to control values (94). This indicates that
restoration of fat oxidative capacity with simultaneous de-
cline in fatty acid supply is followed by a rapid decline in
UCP3 protein. Once more, this study supports the hypoth-
esis that UCP3 exports fatty acid anions from the mitochon-
drial matrix.

Taken together, studies interfering in successive steps in
fatty acid handling, transport, and oxidation consistently
showed that UCP3 protein increases if the supply of fatty
acids to the mitochondria exceeds fat oxidative capacity.
Also, data are available indicating that the increased UCP3
levels can be normalized if fat oxidative capacity is en-
hanced. Although evidence that UCP3 is involved in fatty
acid metabolism is compelling, none of the studies pre-
sented provide direct and definitive proof that UCP3 indeed
facilitates outward translocation of fatty acids from the
mitochondrial matrix as hypothesized before (71,86).

Conclusion
Ever since cloning of the UCP1 homolog UCP3, studies

have focused on identifying its primary physiological role.
Based on knowledge derived from studies of UCP1, pio-
neering studies all focused on a putative role for UCP3 in
energy expenditure. Cell and transgenic animal studies sug-
gest that overexpression of UCP3 results in increased en-
ergy expenditure. It should be noted, however, that these
results do not necessarily reflect human physiology, be-
cause it was shown in the cell and transgenic studies that the
uncoupling observed was noninducible, as was anticipated
given the observations in UCP1-expressing systems. De-
spite reports showing associations between the UCP3 gene
and markers for energy expenditure under a wide range of
conditions, there are no compelling data unequivocally link-
ing UCP3 to energy expenditure. The observation that fatty
acid levels significantly affect UCP3 expression has given
UCP3 a probable role in fatty acid handling and/or oxida-
tion. Emerging data indicate that the primary physiological

role of UCP3 may be the transport of fatty acid anions away
from the mitochondrial matrix in exchange for a proton. The
fatty acid anions exported may either originate from hydro-
lysis of fatty acid esters by an MTE1, or they may have
entered the mitochondria as nonesterified fatty acids by
incorporating into and flip-flopping across the mitochon-
drial innermembrane. If UCP3 indeed functions to export
fatty acid anions from the mitochondrial matrix, it may have
an important role in protecting mitochondria against the
detrimental effects of high fatty acid levels. By doing so,
UCP3 may help to maintain mitochondrial oxidative capac-
ity and may be of importance in the prevention and/or
treatment of obesity and diabetes. Clearly, future studies are
needed to test these concepts and reconsider the role of
UCP3 in obesity.
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