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Summary

The uncoupling protein-1 (UCP1) homologues UCP2 energy expenditure, upregulates UCP3 expression.
and UCP3 are able to uncouple ATP production from Moreover, UCP3-knockout mice have a normal metabolic
mitochondrial respiration, thereby dissipating energy as rate. The exact function of UCP3 therefore remains to be
heat and affecting energy metabolism efficiency. In elucidated, but putative roles for UCP3 include
contrast to UCP1, which plays an important role in involvement in the regulation of ROS, in mitochondrial
adaptive thermogenesis, UCP2 and UCP3 do not have a fatty acid transport and in the regulation of glucose
primary role in the regulation of energy metabolism. metabolism in skeletal muscle. Whatever the primary
UCP2, which is expressed in a wide variety of tissues, function of these novel uncoupling proteins, a secondary
including white adipose tissue, skeletal muscle and tissues effect via uncoupling might allow them to influence (but
of the immune system, has been suggested to affect thenot to regulate) energy metabolism, which would be
production of reactive oxygen species. UCP2 has also beenconsistent with the observations from linkage and
suggested to regulate the [ATP]/[ADP] ratio and was association studies. Therefore, UCP2 and UCP3 remain
recently shown to influence insulin secretion in th@-cells  interesting targets for pharmacological upregulation in
of the pancreas. UCP3, in contrast, is expressed the treatment of obesity and diabetes.
predominantly in skeletal muscle and has been associated
with whole-body energy metabolism. However, the
primary function of UCP3 is not the regulation of energy Key words: uncoupling protein, energy expenditure, obesity,
metabolism. For example, fasting, a condition attenuating diabetes, fatty acid metabolism.

Introduction

In living cells, adenosine triphosphate (ATP) can release thigy ATPase to transform ADP into ATP. In this way, substrate
energy that is necessary for life by donating one or twaxidation is coupled to the formation of ATP. In living cells,
phosphate groups, leaving adenosine diphosphate (ADP) and in animals/humans under resting conditions, ATP is
adenosine monophosphate (AMP), respectively. Howevegontinuously consumed by, among other processes, thiENa
energy storage in the form of ATP is limited and, thereforepump (Nd/K*-ATPase), which is responsible for
ATP has to be resynthesised continuously in the mitochondriapproximately 20% of ATP consumption, protein turnover
To resynthesize ATP from ADP, substrates such as fafl2-25%) and the G& pump (C&"-ATPase) (4—6%).
carbohydrate and proteins are metabolised, resulting in tieurthermore, in active animals/humans, muscle contraction is
production of NADH and FADK Subsequently, NADH and a significant contributor to ATP consumption.

FADH2 can be oxidised to NAD FAD and H in the The coupling between substrate oxidation and ATP
respiratory chain. formation is not 100 % efficient. The proton gradient, which is

According to the Nobel-prize-winning chemiosmotic built up by the oxidation of substrates, can be reduced by so-
hypothesis of Mitchell (Mitchell, 1966), the protons arecalled proton leaks, thereby diminishing the efficiency of ATP
transported to the cytosolic side of the inner mitochondriasynthesis from substrate oxidation and thus dissipating energy
membrane by a series of reactions. This eventually generatas heat. The mechanism by which proton leaks reduce the
a proton gradient across the membrane, which causes protgmeton gradient is not completely understood, but it has been
to flow back across the inner mitochondrial membrane througproposed that uncoupling proteins (UCPSs) are involved. These
a so-called fF1-complex. The energy thus generated is usegroteins could either transport protons into the mitochondrial
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Fig. 1. Action of the electron transport chain leading to the build-up of a proton gradient across the inner mitochondaalemerobons can
cross the inner mitochondrial membran&the FoF1 complex, thereby providing energy for the conversion of ADP to ATP. Alternatively, the
proton gradient can be reduced by uncoupling proteins (UCP), either by direct transport of protons from the intermembtautieespedex

or by transport of fatty acid anions in the opposite direction. Cyt c, cytoclmofiecoenzyme Q.

matrix (Klingenberg et al., 1999) or transport non-esterifiedhermogenin and later renamed UCP1, was responsible for the
fatty acid anions out of the matrix in a process called fatty acithermogenic activity of brown adipose tissue (Nicholls et al.,

cycling (Jezek et al., 1998). Both these processes would redut®78). Exposure of mammals to cold results in an acute
the proton gradient across the inner mitochondrial membrariacrease in metabolic rate through shivering thermogenesis, i.e.

(Fig. 1). muscular activity producing heat. However, if cold exposure
Although the rationale for proton leaks is not understoodis prolonged, shivering ceases, but metabolic rate remains
they are a feature common to all living cells. elevated. This non-shivering thermogenesis is mainly

accounted for by an increase in the activity of the brown
adipose tissue and is accompanied by a marked increase in the
Adaptive thermogenesis expression of UCP1 (Desautels et al., 1978).

Adaptive thermogenesis, the dissipation of energy in the Upon overfeeding, the expression of UCP1 in the brown
form of heat in response to external stimuli, has beeadipose tissue of rodents is also upregulated, and this correlates
implicated in the regulation of energy balance and bodglosely with decreased metabolic efficiency and the prevention
temperature. In rodents, adaptive thermogenesis in responseofo the development of obesity (Himms-Hagen, 1984). In
cold-exposure and high-fat feeding is accomplished by theontrast, fasting is associated with an increase in metabolic
activation of the brown adipose tissue. Brown adipose tissugfficiency and a decrease in UCP1 expression and activity
can increase its thermogenic activity by decreasing théRothwell et al., 1984). These findings illustrate the importance
efficiency of coupling between respiration and ATP productiorof UCP1 in the regulation of body temperature and energy
(i.e. by increasing the magnitude of the ‘proton leak’), leadindpalance in rodents.
to the generation of heat. In this way, brown adipose tissue More definitive evidence for a unique role of UCP1 in
helps rodents to survive periods of cold (by producing extradaptive thermogenesis came with the creation of mice lacking
heat). In contrast, by decreasing the activity of brown adiposgCP1. These mice are indeed unable to maintain their body
tissue (reducing the proton leak), energy can be saved duritgmperature when exposed to cold (Enerback et al., 1997).
periods of starvation, as is the case during hibernation. Gradual acclimatisation to a colder environment extends the

This feature of brown adipose tissue has led to the seardife span of these mice, but only by maintaining shivering
for and identification of a protein responsible for this protorthermogenesis. When shivering thermogenesis can no longer
leak. In 1978, it was demonstrated that a 32 kDa mitochondrile maintained, these mice are no longer able to survive in the
membrane protein, then called uncoupling protein orcold. This finding clearly illustrates that no other protein or
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Table 1.Linkage and association studies of the human UCP2 gene

Trait Population Marker Effect Reference
Energy metabolism  Caucasians Ala/Val55 Decreased 24 h EE, Astrup et al. (1999)
increased 24h RQ
Pima Indians Ala/Val55, Ins/Del Increased metabolic rate Walder et al. (1998)
and 24h EE
Quebec family study Marker at 11913 Linkage with metabolic Bouchard et al. (1997)
rate
Caucasians Ala/Val55 Increased exercise Buemann et al. (2001)
energy efficiency
Metabolic syndrome Ala/Val55 Negative Klannemark et al. (1998)
Obesity Caucasians G/A promotor Reduced BMI Esterbauer et al. (2001)
South Indian women Ins/Del exon 8 Increased BMl/leptin Cassell et al. (1999)
German Caucasians Ins/Del exon 8 Increased BMI Evans et al. (2001)
Danish Caucasians Ins/Del exon 8 Negative Dalgaard et al. (1999)
Mexican Americans Marker at 11q13 Negative Comuzzie et al. (2000)
Familial NIDDM Marker at 11913 Negative Elbein et al. (1997)
Obesity/NIDDM Danish NIDDM/juvenile obesity Ala/Val55 Negative Urhammer et al. (1997)
Japanese NIDDM/control Ala/Val55 Negative Kubota et al. (1998)
Japanese NIDDM/control Ala/Val55, Ins/Del Negative Shiinoki et al. (1999)
NIDDM morbidly obese/controls Ala/Val55, Ins/Del Negative Otabe et al. (1998)
Childhood obesity Children 6-10 years old Ins/Del exon 8 Increased BMI Yanovski et al. (2000)
Children 7-13 years old Ala/Val55 Negative Lentes et al. (1999)

NIDDM, non-insulin-dependent diabetes mellitus; Ins/Del, insertion/deletion; BMI, body mass index; EE, energy expenditure; RQ,
respiratory quotient.

hormone could substitute for the absence of UCP1 in adaptive UCP2 as a regulator of energy metabolism
non-shivering thermogenesis (Golozoubova et al.,, 2001). In 1997, the first (human) homologue of UCP1 was
Similarly, it has been shown that brown fat cells lackingdiscovered, called UCP2 (Fleury et al., 1997). In contrast to
UCP1 do not show the usual increase in the rate dfCP1, which is expressed only in brown adipose tissue and is
oxygen consumption after administration of noradrenalinghus scarce in adults, UCP2 is expressed in a large number of
(Nedergaard et al., 2001). Together, these findings indicate th#sues including skeletal muscle, white adipose tissue, spleen,
UCP1 plays a major role in adaptive non-shiveringlung and macrophages. Like UCP1, UCP2 has been shown to
thermogenesis, at least in rodents. possess uncoupling activity when expressed in yeast (Fleury et
In humans, the site of adaptive thermogenesis might not k., 1997; Gimeno et al., 1997). An interesting finding, when
restricted to brown adipose tissue. Adult humans have no largeice lacking UCP1 were created, was that these mice are not
deposits of brown adipose tissue, although brown adipose fabese. However, UCP1-knockout mice show a fivefold
cells may be present in small numbers within the white adipoagpregulation of UCP2, and it has therefore been suggested that
tissue (Lean et al., 1986). As a result of the low content dJCP2 is involved in the regulation of energy metabolism and
brown adipose tissue from adult humans, its contributiombesity. Indeed, Bouchard et al. (1997) showed that markers in
to adrenaline-induced thermogenesis was estimated to Iee vicinity of 11q13, near the location of UCP2, are very
maximally 25%, so other tissues must therefore be involvedtrongly linked to resting energy expenditure. Genetic analysis
(Astrup et al., 1985). The same study showed that, in humarshowed several common polymorphisms in the UCP2 gene,
skeletal muscle is the most important tissue for adaptivamongst which are an alanin@aline substitution at amino
thermogenesis, accounting for up to 50% of adrenalineacid 55, and a 45-base-pair insertion/deletion in the non-coding
induced thermogenesis. Comparable results were found lggion of exon 8.
Simonsen et al. (1993), who estimated that 40 % of the increaseUsing these polymorphisms, positive associations between
in thermogenesis after adrenaline administration could bthe UCP2 gene and energy expenditure have been found
attributed to skeletal muscle. Since UCP1, which is responsibl@strup et al., 1999; Buemann et al., 2001; Walder et al., 1998),
for the thermogenic activity of brown adipose tissue, is noalthough one study found no such assocation (Klannemark et
present in skeletal muscle, searches have been made for othkr 1998). Studies focusing on the association between UCP2
(uncoupling) proteins that could contribute to adaptivepolymorphisms and obesity (defined by body mass index or
thermogenesis in skeletal muscle. body composition) showed more diverse results, with some
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studies reporting a positive association (Cassell et al., 1998Bumans. Taken together, these studies indicate that UCP2 is,
Esterbauer et al., 2001; Evans et al., 2001; Yanovski et aln one way or another, related to energy metabolism and
2000) and others no association (Comuzzie et al., 200@pesity in rodents and humans.
Dalgaard et al., 1999; Elbein et al., 1997; Kubota et al., 1998;
Lentes et al., 1999; Otabe et al., 1998; Shiinoki et al., 1999;
Urhammer et al., 1997) between UCP2 and obesity (Table 1).  Alternative functions of UCP2: prevention of the

Overall, these studies do reveal an association betweel@rmation of reactive oxygen species and as a regulator of
UCP2 and energy metabolism, but this association is [ATP]:[ADP] ratio
apparently not always reflected in obesity. It could be argued Although several lines of evidence have been presented for
that the latter is surprising, considering that the developmeiat relationship between UCP2 and energy metabolism, doubt
of obesity results from a misbalance between energiias arisen as to whether the primary function of UCP2 is the
expenditure and energy intake. It is therefore unlikely that theegulation of energy metabolism. First, the observation that
phenotype obesity can be fully explained by (polymorphisnJCP2 is upregulated during fasting, when energy expenditure
in) a single gene. For example, an effect of UCP2 on metabolfalls (Millet et al., 1997), is not consistent with a role for UCP2
rate could be compensated for by increased spontaneoas a regulator of energy expenditure. Second, mice lacking
physical activity and/or reduced food intake, even though &CP2 have been shown to have a normal metabolic rate and
reduced metabolic rate predisposes to obesity (Ravussin et &ady mass (Arsenijevic et al., 2000). The lack of effect of
1988; Trayhurn and Jennings, 1988; Tremblay et al., 1989)UCP2 on energy metabolism and body mass in these mice has
Therefore, the lack of association between UCP2 and obesityrged researchers to search for alternative functions for this
as observed in the majority of studies, should not be interpreteavel uncoupling protein. The abundant expression of UCP2
as evidence against an important role for UCP2 in thenRNA in organs of the immune system prompted Arsenijevic
regulation of (human) energy metabolism. et al. (2000) to investigate the immunological phenotype of

A more direct way to examine the relationship betweetJCP2-knockout mice. Surprisingly, UCP2-knockout mice
UCP2 and (human) energy metabolism is to study UCPappeared to be resistant to infectionTtmxoplasma gondiian
MRNA and protein expression experimentally together withintracellular parasite that lethally infects the brain of normal
simultaneous measurements of energy expenditure. Using thisice. To find causes for this unexpected resistance to infection,
approach, it was shown that UCP2 mRNA levels in adiposthe researchers examined the macrophages of UCP2-knockout
tissue were positively related to resting metabolic rate (whicmice and found that these macrophages produced higher levels
accounts for 60—70 % of total 24 h energy expenditure) (Barbef reactive oxygen species (ROS), which are known to be
et al., 1998). Furthermore, administration of thyroid hormoneassociated with higher cytolytic activity. Earlier work of
to humans, resulting in a pronounced increase in enerdgykulachev (1998) had indicated that mild uncoupling could
expenditure, was shown to upregulate UCP2 mRNAprevent a large increase in the mitochondrial proton gradient
expression in skeletal muscle (Barbe et al.,, 2001). Thege situations in which no ADP is available for ATP synthesis
findings suggest that UCP2 is related to energy expenditure andd that this mild uncoupling could prevent the mitochondrial
could, therefore, be involved in the development of obesityproduction of ROS, which is related to the size of the proton
Indeed, it was shown in rodents that UCP2 mRNA expressiogradient. Thus, UCP2 could be involved in the regulation of
is higher in obesity-resistant (A/J) mice than in obesity-proneadical production by reducing the proton gradient and
(B6) mice. Furthermore, UCP2 mRNA expression wagherefore be beneficial for living cells, preventing them from
upregulated after feeding a high-fat diet in the A/J strain buiamage to lipids, proteins and DNA by ROS.
not in the B6 strain mice, suggesting that the lack of A role for UCP2 as a regulator of ROS production had
upregulation of UCP2 in the latter could contribute to the higlalready been suggested by Negre-Salvayre et al. (1997), who
susceptibility to obesity of these mice (Fleury et al., 1997). showed that the addition of GDP to brown adipocytes resulted

In humans, reduced UCP2 mRNA expression has bedn an increase in the electrical potential across the inner
reported in the white adipose tissue (Oberkofler et al., 1998hitochondrial membrane and in ROS production. They
and skeletal muscle (Nordfors et al., 1998) of obese subject@ssumed that this effect of GDP was due to inhibition of
Recently, a common polymorphism in the promotor of theuncoupling activity by GDP. The same effect of GDP on ROS
human UCP2 gene has been described that influences UCP®duction was observed in liver mitochondria from
transcription when expressed in a cell system and is associateohparenchymal cells, but not in mitochondria from
with increased UCP2 mRNA expression in human adiposkepatocytes. Since the latter lack UCP2, they suggested that
tissue. Interestingly, this polymorphism was associated with BCP2 might act to modulate ROS production and that UCP2
slightly reduced risk of obesity and, since the polymorphisntould, like UCP1, also be inhibited by the addition of GDP.
is very common, it was concluded that it might account for up Apart from a role in regulating ROS production, UCP2 has
to 15% of obesity in humans (Esterbauer et al., 2001jlso been implicated in the development of diabetes mellitus.
Although this value might be too optimistic, the study doesAdenovirus-mediated overexpression of UCP2 in pancreatic
indicate that functional mutations in the UCP2 gene that affedslets has been shown to result in a decrease in glucose-
UCP2 expression can influence the regulation of body mass gtimulated insulin secretion (Chan et al., 2001). Driven by this
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Table 2.Linkage and association studies of the human UCP3 gene

Trait Population Marker Effect Reference
Obesity UK Caucasians, childhood obesity C/T promotor Decreased BMI Halsall et al. (2001)
French obese Caucasians C/T promotor Higher BMI Otabe et al. (2000)
South Indians/European Caucasians C/T promotor Increased WHR in women Cassell et al. (2000)
African Americans Various No effect on body composition ~ Chung et al. (1999)
Danish Caucasians C/T promotor No effect on BMI/weight gain Dalgaard et al. (2001)
Pima Indians C/T promotor Increased UCP3 mRNA/no Schrauwen et al. (1999c)
effect on BMI
Danish Caucasians, juvenile-onset Various No effect on obesity Urhammer et al. (1998)
obesity
NIDDM MONICA project C/T promotor Reduced risk NIDDM, higher Meirhaeghe et al. (2000)
LDL
Substrate African Americans Exon 6 splice Decreased fat oxidation Argyropoulos et al. (1998)
oxidation

NIDDM, non-insulin-dependent diabetes mellitus; WHR, waist-to-hip ratio; LDL, low-density lipoprotein; MONICA project, M@byltori
trends and determinants of CArdiovascular disease.

finding, Zhang et al. (2001) created mice lacking UCP2 antdCP2 might not have the desired outcome regarding the
studied glucose metabolism and insulin secretion in these miggrevention/treatment of diabetes mellitus.
In accordance with the results of Arsenijevic et al. (2000), they Taken together, although studies using UCP2-knockout
found no effect of the absence of UCP2 on body mass or coldiice have given insight into the putative functions of this novel
induced thermogenesis. However, UCP2-knockout mice hagncoupling protein, we are still a long way from completely
significantly lower glucose levels and elevated insulinunderstanding the function of UCP2. What seems to be
concentrations, and th@-cells of UCP2-knockout mice clear, however, is that UCP2 indeed uncouples oxidative
showed increased insulin secretion. The mechanism behiqhosphorylation and thereby controls the [ATP]/[ADP] ratio
these effects may originate from the influence of UCP2 on thend inner mitochondrial membrane proton gradient. It is well
[ATP]/[ADP] ratio. In B-cells, an increase in [ATP] and/or known that the [ATP]/[ADP] ratio plays an important role
[ATP]/[ADP] ratio (resulting from the metabolism of glucose) in the overall regulation of cellular function, making
closes a membrane-bound ATP-sensitivecKannel, resulting interpretation of studies with UCP2-knockout mice difficult.
in the influx of C&* and subsequent insulin secretion. The fact that abolishing UCP2 expression results in interesting
Although these findings are interesting, they are difficult tqphenotypes indeed illustrates the importance of maintaining
interpret. At first sight, the findings suggest that a reduction ithe [ATP]/[ADP] ratio and inner mitochondrial membrane
UCP2 expression if3-cells would be beneficial for the proton gradient within narrow ranges. However, it does not
treatment of diabetes. However, the contrary seems to be th&plain the physiological function of UCP2, because genetic
case for other tissues expressing UCP2. As discussed abowggnipulation of UCP2 cannot distinguish between the effect
high levels of UCP2 expression in white adipose tissue and/@f manipulating [ATP]/[ADP] ratio and the effect of
skeletal muscle are associated with a reduced risk gfhysiological induction of UCP2. Therefore, studies
developing obesity, which is the most important risk factor fomanipulating UCP2 expression within the physiological range,
the development of type 2 diabetes mellitus. Furthermoregs well as studies examining the regulation of UCP2 in
overexpression of UCP1 in skeletal muscle was recently showdifferent tissues, are needed to obtain insight into the
to result in resistance to diet-induced diabetes (Li et al., 2000physiological function of UCP2.
These data suggest that high levels of UCP expression would
be beneficial in the prevention/treatment of diabetes mellitus.
In addition, assuming a role for UCP2 in the regulation of ROS  Is UCP3 the skeletal muscle analogue of the brown
production, a low level of UCP2 expression would increase adipose tissue UCP1?
ROS production, which is particularly dangerous in the case of After the discovery of UCP2 in 1997, a third uncoupling
diabetes because recent data indicate that ROS productionpi®tein was discovered at the end of the same year (Boss et al.,
the link between elevated glucose levels and hyperglycaemi®97). UCP3 is specifically expressed in skeletal muscle and
damage (Nishikawa et al., 2000). In fact, overexpression dirown adipose tissue. Like UCP1 and UCP2, UCP3 also
UCP1 in endothelial cells reduced ROS production andeduces the proton gradient across the inner mitochondrial
prevented hyperglycaemic damage (Nishikawa et al., 2000jnembrane when expressed in yeast (Boss et al., 1998b; Gong
Together, these results indicate that simply downregulatingt al., 1997). The skeletal-muscle-specific expression of UCP3
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has made it an even better candidate gene than UCP2 to explaiivering thermogenesis starts to play a significant role after
adaptive thermogenesis in muscle. Because UCP3 is locatedveral days of cold exposure. We have recently shown that,
within 7 kb of the UCP2 gene (Solanes et al., 1997), the linkage humans, 60 h of mild cold exposure reduced skeletal muscle
and/or association between UCP2 and resting enerdyCP3 mRNA expression (Schrauwen et al., 2002b), excluding
expenditure mentioned above (Bouchard et al., 1997) coula major role for UCP3 in cold-induced adaptive thermogenesis.
also reflect a relationship between UCP3 and energgnother condition in which UCP3 expression does not reflect
metabolism. We have detected a polymorphism in théhe changes in energy expenditure is fasting, during which
promotor region of UCP3, a-CT substitution 55 bp upstream energy expenditure drops and UCP3 mRNA expression
of the transcription starting site, which was associated witincreases both in rodents (Boss et al., 1998b) and in humans
increased UCP3 mRNA expression, but not with reduced BM(Millet et al., 1997).
(Schrauwen et al., 1999c). The effects of this substitution as Experiments with UCP3-knockout mice further weakened
well as other UCP3 polymorphisms on markers of obesity havile likelihood of an important role for UCP3 in the regulation
been studied with conflicting results (Cassell et al., 2000pf energy metabolism: these mice have no apparent phenotype,
Chung et al., 1999; Dalgaard et al., 2001; Halsall et al., 2001g. they are not obese and do not have an altered metabolic
Otabe et al., 2000; Urhammer et al., 1998) (Table 2). rate (Gong et al., 2000; Vidal-Puig et al., 2000). However,
To examine directly whether UCP3 mRNA is related tomice overexpressing UCP3 eat considerably more than their
energy metabolism in humans, we used respiration chambessld-type littermates, but do not become obese, suggesting that
to measure human energy metabolism in detail and reverssetabolic rate is increased in these animals (Clapham et al.,
transcriptase polymerase chain reaction (RT-PCR) to measu2800). Taken together, these results indicate that UCP3 is
skeletal muscle UCP3 mRNA expression. We observed imdeed able to uncouple oxidative phosphorylationvivo,
positive correlation between sleeping metabolic rate and 24thereby dissipating energy as heat. However, as for UCP2, the
energy expenditure and the expression of UCP3 mRNA ieffect of UCP3 on energy expenditure may be secondary to its
Pima Indians (Schrauwen et al., 1999b). The lack of similaprimary physiological function. Again, the question arises as
relationships in other studies (Bao et al., 1998) might be du® what the function of this novel uncoupling protein could be.
to genetic difference between the populations studied. In this
regard, it is important to note that sleeping metabolic rate in
Pima Indians is a strong predictor of weight gain (Ravussin et Does UCP3 play a role in type 2 diabetes mellitus?
al., 1988). In accordance with the finding in UCP2-knockout mice,
Further evidence for a relationship between UCP3nitochondria isolated from mice lacking UCP3 also show
expression and energy metabolism comes from the finding thimicreased ROS production (Vidal-Puig et al., 2000), and it has
UCP3 mRNA expression is upregulated after thyroid hormonéherefore been suggested that UCP3 may also be involved in
treatment, which is known to increase thermogenesis both neducing ROS production. However, the fact that the
rodents (Gong et al., 1997) and in humans (Barbe et al., 200Bxpression of UCP3 is restricted to skeletal muscle, whereas
Furthermore, like UCP1 in brown adipose tissue, UCP3 iROS are produced in the mitochondria of all tissues, makes
upregulated after the consumption of a high-fat diet in rodentdCP3 a less likely candidate for being involved in the
(Gong et al., 1999) and humans (Schrauwen et al., 2001kgrevention of the production of ROS.
Finally, we and others have observed that UCP3 mRNA In contrast, skeletal muscle is an important organ in
expression and UCP3 protein content are reduced aftemaintaining glucose homeostasis, and diabetes mellitus is
endurance training (Boss et al., 1998a; Schrauwen et atharacterized by disturbances in skeletal muscle glucose
1999a) and after weight reduction (Schrauwen et al., 200@netabolism. As mentioned above, overexpression of UCP1 in
Vidal-Puig et al., 1999), conditions both characterized by akeletal muscle results in resistance to diet-induced diabetes
reduced resting metabolic rate and/or increased metabolémd improved skeletal muscle glucose transport (Li et al.,
efficiency. 2000). In addition, mice overexpressing UCP3 have reduced
plasma glucose and insulin levels (Clapham et al., 2000).
Recently, Huppertz et al. (2001) showed that overexpression
UCP3 as a regulator of fuel metabolism of UCP3 in L6 myotubes increases glucose uptake through an
Shortly after the discovery of UCP3, observations weréncreased recruitment of the glucose transporter GLUT4 to the
made suggesting that UCP3 may not play a major role ipell surface. In this context, it is interesting to note that
energy metabolism. In rodents, cold exposure leads to a rapgsposure of rats to cold (4 °C), which is known to increase
increase in UCP1 expression in brown adipose tissue, allowirgjucose utilization, leads to a concerted upregulation of UCP3
increased heat production to maintain body temperature. Tlad GLUT4 mRNA expression after 6-24h and a concerted
skeletal muscle expression of UCP3 is also rapidly upregulatetbwnregulation of the expression of both genes after 6 days
after cold exposure, with levels reaching a peak after 1 dayi.in et al., 1998). Also, after endurance exercise, UCP3 and
but prolonged cold exposure leads to a reduction in UCPGLUT4 mRNA expression increased in parallel (Tsuboyama-
MRNA expression (Lin et al., 1998). This suggests that UCPRasaoka et al., 1998). These findings suggest that there is a
has no major role in adaptive thermogenesis because narlese relationship between UCP3 expression and glucose
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metabolism in skeletal muscle. A characteristic of skeletalipregulate UCP3 expression could be helpful in the treatment
muscle is that it consists of different types of muscle fibrespf diabetes mellitus.
with different capacities to oxidize glucose and fatty acids.
Type 1 muscle fibres are equipped to oxidize fatty acids,
whereas type 2b muscle fibre are mainly able to oxidize Is UCP3 a transporter of fatty acids?
glucose. In accordance with a relationship between UCP3 As mentioned above, UCP3 mRNA expression is
and glucose metabolism, we recently showed, usingpregulated upon fasting (Boss et al., 1998b; Millet et al.,
immunofluorescence, that UCP3 is expressed more abundanil997). Fasting is characterized by an increase in plasma levels
in glycolytic type 2b muscle fibres than in oxidative type 1lof free fatty acids (FFAs), and Weigle et al. (1998) examined
muscle fibres (Hesselink et al., 2001). whether increasing plasma FFA levels could mimic the fasting-
One proposed mechanism by which UCP3 could affednduced upregulation of UCP3. Indeed, they found that
glucose uptake isvia AMP kinase. The uncoupling of increasing plasma FFA levels upregulated UCP3 mRNA
mitochondria results in a diminished ATP production andexpression (Weigle et al., 1998), and this has been confirmed
hence, an increase in AMP concentration. The latter is knowin humans (Khalfallah et al., 2000). Free fatty acids are ligands
to activate AMP kinase, an enzyme responsible for théor peroxisome-proliferator-activated receptors, and the latter
phosphorylation of key enzymes that control metabolic fluxhave been shown to upregulate a number of lipid-related genes
including glucose uptakevif GLUT4 translocation) (Winder as well as UCPs (Emilsson et al., 2000; Schoonjans et al.,
and Hardie, 1999). Taken together, these findings indicate 196). However, conditions in which plasma FFA levels are
relationship between the presence of UCP3 and glucosdevated are often also accompanied by increased oxidation of
metabolism and suggest that an impaired regulation of UCHatty acids, and it has therefore been suggested that UCP3 is
could be involved in the aetiology of diabetes mellitus.involved in the handling of lipids as a fuel (Samec et al.,
However, direct comparisons of UCP3 mRNA levels in type 21999b), consistent with the finding that the presence of the
diabetic subjects with those in healthy controls revealed botdCP3 gene is strongly associated with fat oxidation
decreased (Krook et al., 1998) and increased (Bao et al., 199&rgyropoulos et al., 1998).
Vidal et al., 1999) UCP3 mRNA expression. Although the A role for UCP3 in fatty acid metabolism would also be
reason for this discrepancy is not clear, it is possible thatonsistent with the observed upregulation of UCP3 after
differences in diet, fasting period or exercise prior to thehyroid hormone treatment (Barbe et al., 2001; Gong et al.,
sampling of the biopsy could have contributed to the observetP97), high-fat feeding (Gong et al., 1999; Schrauwen et al.,
differences. Therefore, we recently determined UCP3 proteid001b) and cold exposure (Lin et al., 1998) since, in these
content, which is thought to be less variable than UCP3 mRNaAituations, both thermogenesis and fat oxidation are
expression, in type 2 diabetic subjects and healthy controls astimulated. The fasting-induced upregulation of UCP3 and
found that UCP3 protein content in type 2 diabetic subjects wasibsequent downregulation of UCP3 (below baseline levels)
only 50% of that in healthy subjects (Schrauwen
et al., 2001a). Whether this means that UCI
indeed involved in the aetiology of diabe Cytoplasm

mellitus cannot be determined from these res FA ~ FA FA-CoA
However, the C.T substitution in the UCF CoA
promotor mentioned above, associated A FAS
increased UCP3 mRNA expression, was rec I ALE:% l
found to be associated with a decreased ri AH+1 CoA
. . X . N p

gf\;(lelogcl)rg)% )type 2 diabetes mellitus (Meirhae H EA-carnitine FA-+COA

! X FA anlon carnitine

If UCP3 is indeed involved in the aetiology
type 2 diabetes mellitus, it is a poter

pharmacological target for the treatment

diabetes. For example, thiazolidinediones, a r l CPT2 ‘
class of blood-glucose-lowering drugs FA anion %FAanon FA-carnitine carnitine
improve glycaemic control and insulin-sensiti + +
(Day, 1999), were shown to upregulate ske _ e CoA FA-CoA
muscle UCP3 mRNA expression in rode Matrix 'e Oxidation

(Emilsson et al., 2000; Oberkofler et al., 200( AR

IS not known Whethgr ,the gpregylatlon of _U( Fig. 2. Hypothesis for the function of uncoupling protein-3 (UCP3): fatty acid
expression by thiazolidinediones is responsibl  anions are transported out of the mitochondrial matrix to prevent accumulation of
the improved glucose tolerance or whether sit  fatty acid anions inside the matrix (Schrauwen et al., 2001c). FA, fatty acid; CoA,
effects can be observed in humans. Howevi  coenzyme A; FAS, fatty acyl-CoA synthetase; CPT1, carnitine palmitoyl
this is the case, agents specifically able transferase-1; CPT2, carnitine palmitoyl transferage-2; proton gradient.
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during refeeding provide further evidence that UCPS3 is, irof mitochondrial thioesterases is not fully established, and both
fact, more involved in fatty acid metabolism than in energyhypotheses should be examined further.
metabolism (Samec et al., 1999a). Also, the upregulation of
UCP3 mRNA expression after acute exercise (Pilegaard et al., _
2000) could be attributed to increased metabolic rate and Concluding remarks
increased fat oxidation in the post-exercise period. To separateFive years after the discovery of the UCP1 homologues
these effects, we examined the combined effect of acutdCP2 and UCP3, it has become evident that these novel
exercise and glucose administration, thereby preventing thencoupling proteins are unlikely to play an important role in
usual rise in plasma FFA levels and rate of fat oxidation, othe regulation of adaptive thermogenesis. At least in rodents,
UCP3 mRNA expression. We found that UCP3 mRNA isUCP1 seems to be solely responsible for the increase in energy
upregulated after exercise only in the fasted state and that tlégpenditure after cold exposure and sympathetic stimulation.
increase could be completely abolished by administration dflowever, UCP2 and UCP3 are able to uncouple respiration
glucose (Schrauwen et al., 2002a), indicating that UCP3 isom ATP production and, even though their primary function
indeed more closely involved in fatty acid metabolism than ins not the regulation of energy metabolism, they might still
energy metabolism. influence energy expenditure as a secondary effect of their
However, conditions in which UCP3 is downregulated arephysiological function. Therefore, UCP2 and UCP3 are still
not characterized by low plasma FFA levels and/or low ratemteresting targets for the treatment and prevention of obesity
of fatty acid oxidation. For example, UCP3 has repeatedly beeand diabetes. However, we must first determine the exact
shown to be downregulated after endurance training (Boss physiological function of these uncoupling proteins. Several
al., 1998a; Schrauwen et al., 1999a, 2001c), a condition joutative functions have been postulated, amongst which are
which fat oxidative capacity is enhanced (Holloszy and Coylethe prevention of ROS production, the regulation of the
1984). In addition, weight reduction leads to an increase ifATP]:.JADP] ratio and the regulation of glucose and fatty acid
capacity to oxidise fat and a decrease in UCP3 mRNAnetabolism and fatty acid anion export. Further studies are
expression and in UCP3 protein content (Schrauwen et ahgeded that examine the pattern of regulation of these novel
2000; Vidal-Puig et al., 1999). Finally, type 1 muscle fibresuncoupling proteins under a wide variety of physiological
characterized by a high capacity to oxidise fat, have the lowesbnditions. Finally, tissue-specific upregulation of these UCPs
expression of UCP3. These findings indicate that UCP3 iwithin the physiological range might help to reveal their
downregulated in conditions of enhanced capacity to oxidistunctional role.
fat and upregulated in conditions in which fatty acid delivery
exceeds the capacity to oxidise fat, eventually leading to an P.S. was supported by a grant from the Netherlands
increase in plasma FFA levels (fasting, acute exercise). Organization for Scientific Research (NWO).
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