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Abstract

Aim: The mitochondrial uncoupling protein-3 (UCP3) is able to lower the

proton gradient across the inner mitochondrial membrane, thereby

uncoupling substrate oxidation from ATP production and dissipating energy

as heat. What the effect of endurance training on UCP3 is, is still contro-

versial. Endurance-trained athletes are characterized by lower levels of

UCP3, but longitudinal studies in rodents reported no effect of endurance

training on muscular UCP3 levels. Here, we examined the effect of a 2-week

training programme on skeletal muscle UCP3 protein content in untrained

human subjects, and hypothesized that UCP3 will be reduced after the

training programme.

Methods: Nine untrained men [age: 23.3 � 3.2 years; BMI: 22.6 �
2.6 kg m)2; maximal power output (Wmax): 3.8 � 0.6 W kg)1 body weight]

trained for 2 weeks. Before and at least 72 h after the training period, muscle

biopsies were taken for determination of UCP3 protein content.

Results: UCP3 protein content tended to be lower after the training pro-

gramme [95 � 10 vs. 109 � 12 arbitrary units (AU), P ¼ 0.08]. Cyto-

chrome c content tended to increase with 33% in response to endurance

training (52 � 6 vs. 39 � 6 AU, P ¼ 0.08). The ratio UCP3 relative to

cytochrome c tended to decrease significantly upon endurance training

(2.0 � 0.4 vs. 3.2 � 0.6 AU, P ¼ 0.01).

Conclusion: A short-term (2-week) endurance training programme

decreased UCP3 protein levels and significantly reduced the ratio of UCP3 to

cytochrome c.

Keywords exercise, mitochondria, training, uncoupling protein.

In mitochondria, substrate oxidation results in a proton

gradient across the inner mitochondrial membrane, and

the potential energy of this proton gradient is used to

convert ADP into ATP. However, the coupling between

substrate oxidation and ATP production is not 100%

efficient, as part of the built up proton gradient is lowered

by so-called uncoupling proteins, thereby dissipating

energy as heat. In brown adipose tissue, uncoupling

protein-1 (UCP1) is responsible for the well-known

thermogenic activity of this tissue (Nedergaard et al.

2001). In 1997, a human muscle-specific uncoupling

protein was identified and named UCP3 (Boss et al.

1997). Indeed, UCP3 possesses uncoupling activity when

expressed in yeast (Boss et al. 1997) and several associ-

ations between the UCP3 gene and its product and energy

metabolism have been found (for review see: Schrauwen

& Hesselink 2002). In this context, the effect of acute

exercise and endurance training on UCP3 mRNA
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expression and protein content has also been frequently

studied. With regard to acute exercise, it was reported in

rodents that UCP3 mRNA expression was significantly

upregulated 1–3 h after an acute exercise bout (Tsuboy-

ama-Kasaoka et al. 1998, Cortright et al. 1999). Also in

humans, 60–90 min of exhaustive one-legged knee

extensor exercise resulted in an increase in transcriptional

activity and mRNA levels of UCP3 1–4 h post-exercise

(Pilegaard et al. 2000). However, it is important to note

that during acute exercise, performed in the fasting state,

plasma free fatty acid (FFA) levels are increased, and that

it was previously shown that fasting leads to a rapid and

specific upregulation of UCP3 mRNA (Tunstall et al.

2002). This effect seems to be due to high FFA levels, as

infusion of intralipid together with heparin, thereby

acutely increasing plasma FFA levels, resulted in a

upregulation of UCP3 mRNA after 5 h (Khalfallah et al.

2000). Therefore, we recently examined the effect of

acute exercise on UCP3 mRNA expression in conditions

of high (fasting) and low (glucose-fed) FFA levels. Indeed,

we found that the upregulation of UCP3 after acute

exercise in the fasted state was abolished when plasma

FFA levels were suppressed, suggesting that not acute

exercise per se, but rather increased FFA levels are

responsible for the exercise-induced upregulation of

UCP3 (Schrauwen et al. 2002). In line with this finding,

Pilegaard et al. (2002) recently showed that UCP3

mRNA expression was significantly increased 2 h after

exercise, but only when muscular glycogen levels were

low. As plasma FFA levels were also significantly higher

in the low glycogen trial, these results again suggest that

changes in plasma FFA and/or glycogen levels instead of

exercise per se are responsible for the upregulation of

UCP3mRNA after acute exercise. However, it should be

noted that changes in UCP3mRNA not necessarily result

in changes in UCP3 protein.

The effect of regular physical exercise or endurance

training on UCP3 is more controversial. In cross-sec-

tional studies, we (Schrauwen et al. 1999) and others

(Russell et al. 2002) have shown that UCP3 mRNA

expression is significantly lower in endurance-trained

athletes compared with lean, untrained human subjects.

These results were recently confirmed at the UCP3

protein level (Russell et al. 2003a,b). However, from

cross-sectional studies, no hard evidence can be derived

on the effect of endurance training per se on UCP3

content, as such evidence requires longitudinal studies.

From these longitudinal studies, the effect of endurance

training on UCP3 is less clear. At the mRNA level,

endurance training has been shown to downregulate

(Boss et al. 1998) or not affect UCP3 mRNA (Cortright

et al. 1999), whereas at the protein level, endurance

training in rodents had either no effect on UCP3 protein

levels or increased UCP3 protein in parallel with mitoch-

ondrial biogenesis (Tsuboyama-Kasaoka et al. 1998,

Cortright et al. 1999, Jones et al. 2003). Although these

data suggest, in contrast to the human cross-sectional

studies, no direct effect of endurance training on UCP3

protein levels, differences between species might exist.

Two recent studies in humans showed that after 6 weeks

of training UCP3 protein levels were decreased when

measured using immunofluoresence (Russell et al.

2003a) or when related to mitochondrial content (Fern-

strom et al. 2004). To investigate whether the lower

UCP3 protein content in trained human subjects reflects a

true training-induced effect, we here examined the

longitudinal effect of a well-controlled short-term

(14 days) training programme, in previously untrained

human subjects, on UCP3 protein content. This short

duration was chosen to examine whether training effects

on UCP3 are primary and not the result of changes in, for

example, body weight or fibre type that may occur with

long-term training. In addition, a standardized, exercise-

free period of at least 72 h preceded the sampling of

muscle forUCP3protein contentmeasurement. This time

frame was chosen to prevent any remnant effect of the

final exercise bout on UCP3 protein levels. As endurance

training is known to increase mitochondrial density, it is

important to consider the level of UCP3 relative to a

marker of the latter. This ratio is of importance as the

effect of training onUCP3may be somewhat confounded

by a stimulatory effect of training on the number of

mitochondria. To this end we also examined the effect of

the 2-week endurance training programme on cyto-

chrome c and on the ratio UCP3 : cytochrome c. We

hypothesized that endurance training results in a lower

level of UCP3 and a reduced UCP3 : cytochrome c ratio.

Material and methods

Subjects

Nine young, untrained and healthy male subjects

participated in this study. Subjects’ characteristics at

the onset of the study are given in Table 1. Subjects

were recruited by advertisement and were excluded

from participation if they had performed aerobic

exercise competitively for more than 3 months or were

still exercising on a regular basis. The study was

approved by the institutional Medical Ethics Commit-

tee. Subjects gave their written informed consent after

the nature of the procedure was explained.

Experimental protocol

A week preceding the experimental trial, an incremental

test to determine maximal power output (Wmax) and

maximal oxygen consumption (Vo2max) was performed,

which was repeated in the week after the experimental

trial.
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Subjects started with a standardization period for

3 days (days 1–3), during which time a standardized

diet was provided and subjects refrained from exercise.

In the afternoon of day 3, after a 4-h fast, the subjects

performed a submaximal cycling test at 40% of their

predeterminedWmax for 3 h. Substrate oxidation during

the test was measured by indirect calorimetry. Before

exercise, a resting muscle biopsy was taken from the m.

vastus lateralis. Subjects then participated in a 12-day

training programme with either 2 h of endurance

exercise or 45 min of intermittent exercise training,

alternating on a daily base. The 3-h cycling test was also

considered as a training day for these untrained

subjects. Resting days were incorporated on day 4 and

10, and the final training session was performed on day

14. This means that subjects trained on days 3, 5–9 and

11–14, making a total of 10 training days. On day 14,

the last bout of exercise in the training period was

performed in the early morning at 07:00 am. This

resulted in a period of >72 h between the last bout of

exercise and the sampling of the post-training muscle

biopsy. After the training session, subjects again fol-

lowed a standardization period for 3 days (days 15–17),

with the same standardization diet as on day 1–3 and

during which subjects refrained from exercise. In the

afternoon of day 17, the subjects again performed a

submaximal exercise test at 40% Wmax, with substrate

oxidation being measured. Again, a muscle biopsy was

taken prior to exercise from the m. vastus lateralis.

Diets

The standardization diet consisted of 30% energy as fat,

55% energy as carbohydrate and 15% energy as

protein. Subjects were given a fixed amount of food

[1.65 BMR based on Harris & Benedict (1919)

equations] and were asked to eat all the food provided,

and nothing else. The diet consisted of breakfast, lunch,

ready to use dinner and snacks.

Procedures

Body composition. Whole body density was determined

by underwater weighing in the morning in the fasted

state. Body weight was measured with a digital balance

with an accuracy of 0.01 kg (Sauter, type E1200,

Albstadt-Ebingen, Germany). Lung volume was meas-

ured simultaneously with the helium dilution technique

using a spirometer (Volugraph 2000; Mijnhardt, Mann-

heim, Germany). Percentage body fat was calculated

using the equations of Siri (1956).

Maximal performance. Maximum workload (Wmax)

and maximum oxygen uptake (Vo2max) were determined

on an electronically braked cycle ergometer (Lode Exca-

libur,Groningen, theNetherlands) during an incremental

exhaustive exercise test (Kuipers et al. 1989) 1 week

before the experimental trial. Oxygen uptake was meas-

ured by indirect calorimetry (Oxycon-b;Mijnhardt). The

test was repeated 1 week after the experimental trial.

Indirect calorimetry. During the submaximal exercise

test, energy expenditure and substrate oxidation was

measured every 15 min using indirect calorimetry

(Oxycon-b). Energy expenditure during exercise was

calculated from oxygen consumption and carbon

dioxide production as described previously (Weir

1949). Work efficiency was defined as power/(average

energy expenditure). Respiratory exchange ratio (RER)

was calculated by dividing Vco2 by Vo2.

Training programme

From day 5 to 14, subjects reported to the laboratory

daily to follow supervised training sessions on cycle

ergometers (Lode Excalibur), except for the resting day

on day 10. Training consisted of alternating days of

interval and endurance training and always started with

7.5 min of warming up at 40% Wmax and ended with

7.5 min of cooling down at 40% Wmax. On days 5, 7, 9

and 11, intermittent exercise training was performed,

which consisted of 45 min of alternating 3-min intervals

at 70% Wmax and 35% Wmax. At days 6, 8, 12 and 14,

exercise consisted of 35 min at 55% Wmax, followed by

35 min at 50% Wmax, and 35 min at 45% Wmax, for a

total duration of 120 min. The last training session on

day 14 took place early in the morning, so that it was

finished at least 72 h before muscle sampling.

Muscle biopsy and analysis

Muscle biopsies were taken from the mid-thigh region

from m. vastus lateralis according to the technique of

Bergstrom et al. (1967). Thirty sections of 25 lm thick-

ness were cut from the muscle biopsies and homogenized

Table 1 Subjects characteristics

Mean � SEM Range

Age (years) 23.3 � 1.08 19–28

Height (m) 1.80 � 0.02 1.72–1.89

Weight (kg) 73.2 � 2.6 59.4–82.3

BMI (kg m)2) 22.6 � 0.9 18.3–26.2

Body fat (%) 17.7 � 2.0 10.1–24.6

Fat free mass (kg) 60.1 � 2.1 52.8–69.3

Maximal power output (W) 272.8 � 14.0 225–338

Maximal power output

per kg (W kg)1)

3.7 � 0.2 2.8–4.6

Maximal Vo2 (L min)1) 3.54 � 0.18 2.79–4.30

Maximal heart rate (beats min)1) 191 � 4 173–205
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in ice-cold Tris–EDTA buffer at pH 7.4, and then the

homogenates were sonicated for 15 s. Subsequently, 2

volumes of each skeletal muscle homogenate and 1

volume of SDS-sample buffer were boiled for 4 min.

Next, 13% polyacrylamide gels containing 0.1% SDS

were loaded with equal amounts (20 lg) of protein from

each sample, and electrophoresis was performed using a

Mini-Protean 3 Electrophoresis Cell (Bio-Rad Laborat-

ories, Hercules, CA, USA). After gel electrophoreses, the

gel was scanned, and the optical density of the 43-kDa

band, previously immuno-identified to represent actin,

was assessed. Then, a second gelwas prepared and loaded

with the sample volume (which had been recalculated

based on the optical density of the actin band), after

which Western blotting was performed using a Mini

Trans-Blot Electrophoretic Transfer Cell (Bio-Rad

Laboratories) as described previously (Hesselink et al.

2003).We used a rabbit polyclonal UCP3 antibody (code

1331; kindly provided by LJ Slieker, Eli Lilly) prepared

against a 20-amino acid (aa) peptide (human sequence aa

147–166), which recognizes both the long and the short

formof UCP3 andwas previously shown not to recognize

UCP2 (Hesselink et al. 2003). The antibody was affinity-

purified on a Sulfolink column (Pierce; Omnilabo Inter-

national, Breda, the Netherlands) containing the peptide

coupled through a COOH-terminal cysteine. Cross-

reaction of the antibody with other proteins was checked

by examining the entire 5–94-kDa range for additional

bands. For a more detailed description of the selectivity

and specificity checks see previous reports (Schrauwen

et al. 2000, Hesselink et al. 2003). The western blot

procedure for the determination of cytochrome c levels

was identical to that described for UCP3. For the

detection of cytochrome c a mouse monoclonal cyto-

chrome c antibody (BD PharMingen, Woerden, NL,

USA) was used. Both UCP3 and cytochrome c were

expressed as arbitrary units (AU).

Intramyocellular lipid measurement

Image-guided localized single voxel 1H-MRS was per-

formed in the m. vastus lateralis before the 3-h cycling

test, both before and after training. The measurements

were performed on a 1.5 T whole body scanner (Intera;

Philips Medical Systems, Best, the Netherlands). Details

of the measurement have been described previously

(Schrauwen-Hinderling et al. 2003).

Blood analyses

A fasting blood sample was taken at 8 am 1 day prior

to the exercise testing. For determination of FFA,

glycerol and glucose, blood was collected in tubes

containing 30 ll of 0.2 m EDTA. Plasma was immedi-

ately centrifuged at high speed, frozen in liquid nitrogen

and stored at )80 �C for later analyses. Insulin concen-

trations were measured using radioimmunoassay (RIA)

(Linco Research, St Charles, MO, USA). FFA were

determined using the Wako Nefa C testkit (Wako

Chemicals, Neuss, Germany).

Plasma glucose was determined using the hexokinase

method (LaRoche, Basel, Switzerland) and glycerol

using the GPO-trinder (Sigma, St Louis, MO, USA).

Statistics

Data are presented as mean � standard error of the

mean (SEM). The effect of the training programme on

selected variables was tested using paired Student’s t-

tests. Pearson correlation coefficients were calculated to

determine the relationship between selected variables.

P-values <0.05 were considered statistically significant.

Results

Energy metabolism

Maximal power output (Wmax) increased after the

training programme (272.8 � 14.0 vs. 281.7 �
13.4 W pre- and post-training, respectively, P ¼ 0.08).

Maximal oxygen consumption (Vo2max) was not affec-

ted by the training programme (3.54 � 0.18 vs.

3.52 � 0.15 L min)1 in pre- and post-training, respect-

ively, ns). Energy expenditure during exercise was not

significantly affected by the training programme

(36.0 � 1.7 vs. 35.3 � 1.4 kJ min)1 in pre- and post-

training, respectively, ns). Work efficiency (power/

energy expenditure) was also not different before and

after training (18.2 � 0.5 vs. 19.1 � 0.5% in pre- and

post-training, respectively, ns). Similarly, RER during

exercise was not significantly affected by the training

programme (0.90 � 0.01 vs. 0.91 � 0.01 in pre- and

post-training, respectively, ns).

Blood parameters

There were no significant differences before and after

training in the fasting plasma values of insulin

(7.5 � 1.1 vs. 7.4 � 1.1 lU mL)1, ns), FFA (355 �
48 vs. 349 � 47 lmol L)1, ns) and glycerol (68 � 6 vs.

71 � 6 lmol L)1, ns). However, there was a tendency

of decreased fasting plasma glucose after training

(5.23 � 0.08 vs. 5.06 � 0.11 mmol L)1, P ¼ 0.06).

Muscle metabolites

As previously published (Schrauwen-Hinderling et al.

2003), 2 weeks of endurance training resulted in a

significant 42 � 14% increase in intramyocellular lipid

(IMCL) content (0.35 � 0.02 vs. 0.49 � 0.04% of the
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water reference signal in pre- and post-training, respect-

ively, P < 0.05).

UCP3 protein content was not significantly affected

by the 2-week training programme. However, there was

a tendency for UCP3 to decrease by 13% in response to

the training programme (109 � 12 vs. 95 � 10 AU in

pre- and post-training, respectively, P ¼ 0.08, Fig. 1a).

The 2-week training programme did not have a statis-

tically significant effect on cytochrome c. However,

cytochrome c content increased with 33% in response

to endurance training (39 � 6 vs. 52 � 6 AU in pre-

and post-training, respectively, P ¼ 0.08, Fig. 1b). As a

result, the content of UCP3 relative to cytochrome c

decreased significantly upon endurance training

(3.2 � 0.6 vs. 2.0 � 0.4 AU in pre- and post-training,

respectively, P < 0.01, Fig. 1c).

There were no correlations between UCP3 protein

content and Wmax or Vo2max. However, in accordance

with previous reports (Schrauwen et al. 1999, Russell

et al. 2002), we did find a negative correlation between

UCP3 protein content before training and work effi-

ciency during exercise (r ¼ )0.68, P < 0.05, Fig. 2).

The training-induced changes in UCP3 protein content

were not related to changes in energy expenditure, work

efficiency or RER. In addition, no correlations between

UCP3 and plasma substrates or IMCL levels were found

(data not shown, all P > 0.05).

Discussion

Several studies have shown that acute exercise leads to

an upregulation of UCP3 mRNA expression (Tsuboy-

ama-Kasaoka et al. 1998, Cortright et al. 1999, Pileg-

aard et al. 2000, 2002, Zhou et al. 2000, Schrauwen

et al. 2002, Jones et al. 2003, Noland et al. 2003).

However, this upregulation is dependent on plasma FFA

and/or muscular glycogen levels (Pilegaard et al. 2002,

Schrauwen et al. 2002), suggesting that acute exercise

per se has no stimulatory effect on UCP3 mRNA

expression. With respect to this, the effect of endurance

training on UCP3 content is of particular interest, but

still controversial. Cross-sectional studies have found

that UCP3 mRNA expression was significantly lower in

endurance-trained athletes and that the level of UCP3

mRNA expression was very strongly and negatively

correlated with aerobic capacity (Schrauwen et al.

1999, Russell et al. 2002). Recently, we extended these

findings to the protein levels, showing 46% lower UCP3

protein levels in endurance-trained athletes compared

with untrained subjects (Russell et al. 2003b). How-

ever, results from longitudinal studies are less consis-

tent. Boss et al. (1998) showed that UCP3 mRNA

expression was significantly lower after 8 weeks of

endurance training in rats, but other studies showed no

effect of training on UCP3 in rodents (Tsuboyama-

Kasaoka et al. 1998, Cortright et al. 1999, Jones et al.

140
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2003). Here, we show in human subjects that 14 days

of endurance training did not affect the UCP3 protein

levels significantly. However, we found a tendency for

the absolute UCP3 protein content to be reduced after

the 2-week training programme. As endurance training

is known to affect mitochondrial density, it is important

to consider the level of UCP3 per mitochondria. To

obtain an estimate on the latter, we determined the ratio

of UCP3 relative to cytochrome c. In the present study,

we found that the ratio of UCP3 to cytochrome c was

significantly reduced after the 2 weeks of endurance

training. A possible explanation for these differing

results might amongst others be a remnant (stimulatory)

effect of the last bout of exercise on UCP3. Thus,

Tsuboyama-Kasaoka et al. (1998) showed that after

2 weeks of training, UCP3 mRNA was upregulated 14–

18-fold when measured 3 h after the last exercise bout,

but returned to sedentary levels when measured 22 h

after the last exercise bout (Tsuboyama-Kasaoka et al.

1998). Similarly, Cortright et al. (1999) and Jones et al.

(2003) measured UCP3 levels within 24 h after the last

exercise bout. In the present study, muscle biopsies were

taken >72 h after the last exercise bout, to prevent any

remnant effect of the last exercise bout on UCP3 protein

content. During these 72 h, subjects received a stan-

dardized diet and refrained from physical activity. In all

reports that showed no effect or an upregulation of

UCP3 after training, the period between the last exercise

bout and muscle sampling was less than 48 h, providing

a likely explanation for the differing results. Taken

together, our data suggests that in humans, endurance

training may reduce mitochondrial UCP3 protein con-

tent, which is in accordance with the reported lower

UCP3 levels in endurance-trained athletes, and with the

recent reports showing decreased UCP3 protein (meas-

ured using immunofluorescence) (Russell et al. 2003a)

and decreased UCP3 relative to citrate synthase (Fern-

strom et al. 2004) after a 6-week training programme.

In addition, the present study also shows that the

training-induced reduction of the ratio of UCP3 to

cytochrome c is a very early response to training. We

have used a well-controlled and very short training

programme to be able to distinguish between primary

training effects and effects of altered body composition

and body weight that may occur after long-term

training.

A downregulation of UCP3 with endurance training

is also expected from the finding that subjects with a

complete chronic lesion of the cervical spinal cord had

fourfold higher UCP3 mRNA levels compared with

healthy subjects, indicating that muscle inactivity leads

to a pronounced upregulation of UCP3. Interestingly,

when these tetraplegic subjects were exercise-trained for

8 weeks, using electrically stimulated leg cycling, UCP3

mRNA expression was downregulated by �50%

(Hjeltnes et al. 1999). Also in rats, denervation (and

thus inactivation) resulted in a 331% increase in UCP3

mRNA expression in gastrocnemius muscle (Cortright

et al. 1999).

The reason for the underlying mechanisms respon-

sible for the tendency to downregulate UCP3 with

endurance training cannot be deduced from the present

study. We (Schrauwen et al. 2001) and others (Himms-

Hagen & Harper 2001, Goglia & Skulachev 2003) have

suggested that UCP3 has its function in fatty acid

metabolism, serving as an exporter of fatty acid anions

from the mitochondrial matrix. As a side-effect of

exporting fatty acid anions, UCP3 lowers the proton

gradient. Although it is well known that endurance

training improves fatty acid oxidative capacity, we did

not yet detect an effect of our endurance training

programme on fat oxidation during submaximal exer-

cise. The lack of such effect is most likely explained by

the short duration of the training programme. However,

it cannot be excluded that the reduction of UCP3 is part

of an early muscular adaptation to improve fat oxida-

tive capacity, that cannot yet be detected at the whole-

body level. For this reason, the hypothesis that the

tendency of reduced UCP3 was related to an improved

fat oxidative capacity cannot be tested in the present

study. Alternatively, it has been suggested that UCP3

protein content is upregulated by high plasma FFA

levels and/or high levels of IMCL. In this context, it is

important to note that our 2-week training programme

resulted in an increase in IMCL levels (Schrauwen-

Hinderling et al. 2003) and no change in plasma FFA,

and these parameters were not related to the change in

UCP3 protein levels. Therefore, it is unlikely that the

reduced UCP3 protein content after endurance training

was due to altered levels of plasma FFA and/or IMCLs.

In our previous reports (Schrauwen et al. 1999,Russell

et al. 2002) in which we showed that UCP3 mRNA

expression was significantly lower in endurance-trained

athletes compared with lean, untrained human subjects,

we also found that UCP3 mRNA expression was related

to work efficiency. Although there is at present little

evidence that UCP3 plays an important primary role in

the regulation of human energy expenditure, it cannot be

excluded that a reduction in UCP3would, as a side-effect

of its putative physiological function as mentioned

above, result in improved work efficiency. In this regard,

it is interesting to note that we found a negative

correlation between baseline UCP3 protein content and

gross work efficiency during exercise, which is a confir-

mation of earlier findings (Schrauwen et al. 1999,Russell

et al. 2002). Unfortunately, in the present study, we did

not determine delta energy efficiency, which might be a

better estimate of energy efficiency. Interestingly, how-

ever, in the study of Fernstrom et al. (2004), the

reduction in UCP3 protein content relative to
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mitochondrial density after 6 weeks of training was also

accompanied by a reduction in uncoupled respiration.

Together, these finding indicates that endurance training

elicits physiological adaptations that allow a reduced

mitochondrial UCP3 protein content and improved

mitochondrial work/energy efficiency. Therefore, further

studies are needed to examine the exact role of UCP3 in

determining energy efficiency in humans.

In conclusion, we show that a short-term endurance

training programme significantly reduces the ratio of

UCP3 to cytochrome c and tends to decrease the

absolute level of UCP3 protein. These results indicate

that the reduction in UCP3 is a very early response to

endurance training.
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