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ABSTRACT  
Uncoupling protein 3 (UPC3) is a candidate protein transporter that uncouples oxidative phosphorylation 
of mitochondrial respiration in skeletal muscle. A number of studies on UCP3 functions under various 
physiological conditions have suggested that the function of UCP3 is not limited only to regulation of 
whole-body energy metabolism but is also involved in regulation of substrate (lipids and glucose) 
metabolism. The purpose of the present study was to clarify the time course of UCP3 mRNA expression 
in rat skeletal muscle during a 1 h bout of treadmill exercise and to examine whether changes in 
fat/glucose metabolism modulates UCP3 mRNA expression.  The pattern of UCP3 mRNA expression 
during the exercise was biphasic in both the soleus and gastrocnemius muscles.  UCP3 expression 
increased at 5 min of exercise (soleus: 232%, p < 0.05, gastrocnemius: 185%, p < 0.05, respectively), and 
at the end of the exercise (196%, p < 0.05 and 193%, p < 0.05, respectively).  UCP3 mRNA expression 
was still increased at 3 h post-exercise in both muscles, 200% (p < 0.05) and 237% (p < 0.05), 
respectively.  However, at 20 min of the exercise, UCP3 mRNA expression was similar to control levels 
in both muscles (104% and 97%, respectively).  The time course of plasma free fatty acid (FFA) did not 
follow the same time course as UCP3 mRNA expression.  Plasma FFA peaked at the end of the exercise, 
suggesting that FFA did not play a role in inducing UCP3 mRNA expression.  Glucose transporter 4 
(GLUT4) mRNA expression did not change during or after exercise.  These data indicated a rapid 
acceleration in UCP3’s transcription activity in response to exercise, and suggest that potential factor(s) 
other than changes in fat/glucose metabolism regulate UCP3 gene expression during moderate exercise.  
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INTRODUCTION 
 
Uncoupling proteins (UCPs) are inner mitochondrial 
membrane transporters that dissipate the proton 
gradient and uncouple adenosine triphosphate (ATP) 
production from mitochondrial respiration. 
Uncoupling protein 3 (UCP3) is expressed 
predominantly in skeletal muscle in both rodents and 

humans (Boss et al., 1997; Gong et al., 1997). 
Metabolic challenges such as starvation (Gonzalez-
Barroso et al., 1996; Hildebrandt et al., 2000; 
Hwang and Lane, 1999; Pilegaard et al., 2003; 
Samec et al., 1999) or hormone (triiodothyronine) 
infusion (Barbe et al., 2000; Gong et al., 1997; Lanni 
et al., 1999), which stimulate fatty acid oxidation, 
alter UCP3  transcription rate and mRNA expression  
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in rodents and humans. These metabolic 
perturbations influence free fatty acid (FFA) 
concentration in the blood (Samec et al., 1998b; 
Weigle et al., 1998) and a clear up-regulation in 
UCP3 gene expression induced by intralipid infusion 
(Khalfallah et al., 2000; Weigle et al., 1998) has 
been demonstrated. In fact, UCP3 is believed to be 
involved in regulation of fat metabolism (Himms-
Hagen et al., 2001; Samec et al., 1998a).  A single 
bout of exercise has been demonstrated to induce 
transient up-regulation of UCP3 transcription and 
mRNA expression in human skeletal muscle 
(Pilegaard et al., 2000, 2003; Schrauwen et al., 
2002). Also, this exercise-induced up-regulation of 
UCP3 gene expression has often been observed 
during the initial hours of recovery. FFA 
concentration increases as rapidly as ~20min of 
acute aerobic exercise (Bergman et al., 1999; Klein 
et al., 1995), however an association between UCP3 
gene expression and plasma FFA concentration 
during exercise has not yet been demonstrated.  

The involvement of UCP3 in regulating 
glucose metabolism has also been demonstrated in 
previous studies. In L6 myotubes, the presence of 
UCP3 increased glucose uptake and stimulated 
glucose transporter 4 (GLUT4) cell surface 
translocation (Hupperts et al., 2001). In addition, 
exercise-induced increases in GLUT4 mRNA have 
been demonstrated in rodents during recovery 
periods following one bout of exercise with a 
concomitant increase in UCP3 mRNA expression 
(Tsuboyama-Kasaoka et al., 1998). However, there 
are limited data describing the potential signals that 
induce UCP3 gene transcriptional activity during 
exercise and there are no data demonstrating 
whether change in fat or glucose metabolism (FFA 
concentration) in response to exercise is an initial 
stimulus inducing UCP3 mRNA expression. We 
therefore hypothesized that the time course of UCP3 
mRNA expression during one bout of exercise may 
be modulated by changes in lipid and/or glucose 
metabolism. To examine this hypothesis, the time 
course of UCP3 mRNA expression, plasma FFA 
concentration and GLUT4 mRNA expression levels 
during and after exercise were measured. 
 
METHODS 
 
Animals 
Eight-week-old male Wistar rats (Sankyo Labo 
Service, Tokyo, Japan) were provided food and 
water ad libitum and were maintained at constant 
room temperature (20-22ºC) under controlled 
lighting conditions (12:12 h light-dark cycle). Rats 
were assigned to either control (CON; n = 17) or 
exercise groups (n = 17). Each of the exercise 
groups had 17 rats for each different time point (0 

min, 5 min, 20 min, 60 min and 3 h recovery). All 
experiments were carried out according to the 
Guiding Principles for the Care and Use of Animals 
in the Field of Physiological Science of the 
Physiological Society of Japan, and all experiments 
conducted in this study were approved by the 
Animal Care Committee of Tokyo Metropolitan 
University Graduate School of Sciences. 
 
Treadmill exercise protocol 
Rats were allowed to eat ad libitum overnight. All 
rats practiced treadmill exercise three times by 
walking and very light running one week prior to the 
experimental day.  Rats unsuitable for exercise were 
excluded. Both CON and exercised rats were 
randomly chosen from the included animals.  
Exercised rats ran on a treadmill at 5% grade, 
17m·min-1 for 5 min, 20 min or 60 min of exercise.  
The intensity corresponded to ~60-65% of VO2max 
(Abe et al., 1986). 
 
Isolation of skeletal muscle 
Rats were stunned and killed by cervical dislocation 
after 5 min, 20 min or 60 min of exercise, or 3 h 
following the end of 1 h of exercise. The soleus and 
gastrocnemius muscles were harvested and the tissue 
was quickly frozen in liquid nitrogen and stored at -
80ºC until RNA isolation.  
  
Determination of UCP3 mRNA and GLUT4 mRNA 
expression 
Total RNA (tRNA) was isolated from skeletal 
muscle using a quick prep tRNA extraction kit 
(Amarsham Pharmacia). Complimentary DNA 
(cDNA) was obtained by reverse transcription using 
random hexamer primers as described by the 
manufacture (GIBCO BRL, 95C for 5 min, 50C for 
60 min). The PCR Mastermix containing the specific 
primers and Ampli Taq DNA polymerase was 
added. The PCR protocol was 95ºC for 2 min, then 
35 cycles of 94ºC for 45 sec, 50ºC for 45 sec, and 
72ºC for 45 sec. Finally, the PCR products were 
extended for 6 min at 72ºC.  The PCR-products were 
loaded on 2% agarose gel, stained with ethidium 
bromide and analyzed using ATTO Densitograph 
software library Lane & Spot Analyzer (Tokyo 
Japan). The ratio between target PCR product and 
glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) PCR product were calculated.  PCR 
primer pairs (Table 1) were designed from rat 
specific sequence data (Entrez; National Institutes of 
Health).  
 
Plasma free fatty acid content 
The blood samples were taken from the alveolar 
vessels of the heart, approximately 2 min after 
isolation of the muscle samples and placed into 
heparinaized  tubes.  The  plasma  was   immediately  
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        Table 1. Primers used for PCR. 
Gene          Forward primer                                               Reverse primer 
UCP3 5'-CCTCTACGACTCTGTCAAGC-3'        5'-CGACTCTACCACTGGATACT-3' 
GLUT4 5'-CTGTATTCTCAGCTGTGCTTG-3'      5'-GTAACGAAGACCGATAGTGTC-3' 
GAPDH 5'-ACCAGGTTGTCTCCTGTGAC-3'        5'-GCTCTCAGTATCCTTGCTGG-3' 
Abbreviations: UCP3= uncoupling protein, GLUT4= glucose transporter 4, GAPDH= 
glyceraldehyde-3-phosphate dehydrogenase. 

 
separated by centrifugation and the supernatant was 
frozen until further processing. Plasma free fatty 
acid (FFA) concentration was determined by a 
commercial kit (Wako CO, Tokyo, Japan). FFA 
content was measured after five minutes (5 min), 20 
minutes (20 min) or 60 min of exercise (60 min), or 
3 h following 1 h of exercise. 
 
Statistical analysis 
Statistical comparisons of the groups were 
calculated by ANOVA. Results are expressed as 
mean ± SE and the level for statistical significance 
was set at p < 0.05. 
 
RESULTS 
 
UCP3 mRNA and GLUT4 mRNA expression level 
One bout of moderate intensity exercise induced 
biphasic up-regulation of UCP3 mRNA expression 
in both the soleus and gastrocnemius muscles 
(Figure 1). UCP3 mRNA expression was increased 
(p < 0.05) in the soleus (232%) and gastrocnemius 
(185%) muscles at 5 min of exercise compared to 
the CON animals. However, UCP3 mRNA 

expression level in both muscles at 20 min of 
exercise decreased to the control level, respectively 
(104% and 97% of control, respectively). The UCP3 
mRNA expression then increased (p < 0.05) again in 
both muscles at the end of the exercise session (60 
min) (soleus: 196% and gastrocnemius: 193%) and 
remained elevated in soleus (200%; p < 0.05) and 
gastrocnemius (237%; p < 0.05) at 3 h post-exercise.   

There were no significant alterations in 
GLUT4 mRNA expression at the end of any of the 
exercise bouts or 3 h after the 60 min of exercise in 
the soleus muscle. GLUT4 mRNA expression in the 
gastrocnemius muscle reached the highest levels of 
changes at the end of the 60 min exercise session, 
but this was not a significant increase (Figure  2).  

   
Plasma FFA concentration 
The plasma FFA concentration increased at the end 
of the 20 min (0.33±0.09 mmol·l-1, p < 0.05) and 60 
min of exercise (0.56±0.21 mmol·l-1, p < 0.05) 
compare with the control level (0.21±0.09 mmol·l-1). 
The plasma FFA content returned to the resting 
levels within 3 h after the exercise (Figure 3). 

 

 
Figure 1. Effects of a single bout of moderate exercise on expression of UCP3 mRNA and 
GAPDH mRNA in soleus and gastrocnemius muscle.  Muscle samples were collected at 5 and 20 
minutes after the onset of exercise, at the end of exercise (60min), and 3 h post-exercise.  UCP3 
mRNA band intensity was determined using ATTO Densitograph software library. * p < 0.05 
compared with control. 
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Figure 2. Effects of a single bout of moderate exercise on expression of GLUT4 mRNA and 
GAPDH mRNA in soleus and gastrocnemius muscle. Muscle samples were collected at 5 and 20 
minutes after the onset of exercise, at the end of exercise (60min), and 3 h post-exercise. GLUT4 
mRNA band intensity was determined using ATTO Densitograph software library. 

 
DISCUSSION 
 
It has been suggested that the function of UCP3 is 
not limited only to regulation of whole-body energy 
metabolism but is also involved in regulation of 
substrate (lipids and glucose) metabolism.  This is 
because UCP3 gene transcriptional activity has been 
implicated to be affected by FFA/FA oxidation 
(Khalfallah et al., 2000; Samec et al., 1999; Weigle 
et al., 1998) and to relate to GLUT4 gene expression 
(Bashan et al., 1993; Hupperts et al., 2001; 
Tsuboyama-Kasaoka et al., 1998). There have been 
a number of studies that demonstrated a strong 
association between UCP3 gene expression and fat 
metabolism. Fasting, characterized by an increase in 
plasma FFA, was shown to up-regulate UCP3 in 
rodents (Millet et al., 1997; Weigle et al., 1998) and 

this effect was also confirmed in humans (Khalfallah 
et al., 2000). The fasting-induced up-regulation of 
UCP3 and subsequent down-regulation of UCP3 
during refeeding provide further evidence that UCP3 
is indeed involved in fatty acid metabolism (Samec 
et al., 1999). UCP3 has also been suggested to be 
involved in the handling of lipids as fuel, because 
increases in FFA levels are also accompanied by 
increased oxidation of FA (Samec et al., 1999), and 
a strong association between UCP3 and fat oxidation 
has been reported (Argyropoulos et al., 1998). 
Previous studies have indicated that acute exercise 
induces up-regulaion of UCP3 transcription 
(Pilegaard et al., 2000; 2003), mRNA (Cortright et 
al., 1999; Pilegaard et al., 2000, 2003; Tsuboyama-
Kasaoka et al., 1998), and protein (Zhou et al., 2000) 
expression. The marked up-regulation of UCP3 gene 

 
Figure 3. Time course of changes in plasma free ratty acid (FFA) content during and after a 
single bout of moderate intensity exercise (mmol·l-1). Values are means of n = 9-15 rats per group 
and SE. * p < 0.05 compared with control.  
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activation observed during the initial hours of the 
recovery period was suggested to be due to 
increased FA/FA metabolism (Schrauwen et al., 
2002). The involvement of UCP3 in regulating 
glucose metabolism has also been demonstrated in 
previous studies.  In L6 myotubes, the presence of 
UCP3 increased glucose uptake and stimulated 
GLUT4 cell surface translocation (Hupperts et al., 
2001). Further, it was proved that 2,4-dinitrophenol 
(DNP), which uncouples mitochondrial electron 
transport from ATP, increased glucose uptake 
immediately in L6 cells (Bashan et al., 1993), 
suggesting that UCP3 may influence GLUT4 
transcriptional activity.  Exercise-induced increases 
in GLUT4 mRNA have been demonstrated in 
rodents during recovery periods following one bout 
of exercise with a concomitant increase in UCP3 
mRNA expression (Tsuboyama-Kasaoka et al., 
1998). All these studies are suggesting probability 
that UCP3 mRNA expression during one bout of 
exercise may also be modulated by lipid and/or 
glucose metabolism in response to exercise. 
Accordingly, we hypothesized that exercise-induced 
changes in lipid and/or glucose metabolism may be 
involved in regulating of UCP3 mRNA expression 
during one bout of exercise.  However, the increase 
in FFA concentration in response to exercise did not 
always correspond to the alteration in UCP3 mRNA 
expression in the present study.  In addition, GLUT4 
mRNA expression did not show a direct influence 
on UCP3 mRNA expression during and after the 
exercise. These results suggest putative factor(s) 
other than FFA and GLUT4 may be involved in the 
regulation of UCP3 mRNA expression during 
exercise. 

It is not clear which factors induced the rapid 
up-regulation in UCP3 gene transcription activity at 
5 min of the exercise, however, previous studies 
have suggested possible mechanisms.  First, other fat 
sources in addition to FFA, such as muscle 
triyglycerides (TG), may be involved in regulating 
UCP3 gene expression.  Previous research has 
demonstrated a relationship between FA oxidation in 
the mitochondria and UCP3 gene expression (Samec 
et al., 1999). There is also a rapid acceleration 
(~5~10min) of fat metabolism (acetyl-CoA 
carboxylase and malonyl-CoA content) in skeletal 
muscle in response to exercise (Duan et al., 1992; 
Hutber et al., 1997; Vavvas et al., 1997; Winder et 
al., 1990). Accordingly, this rapid acceleration in 
skeletal muscle fat metabolism may induce the rapid 
induction in UCP3 mRNA expression. Second, 
reactive oxygen species (ROS) formation in skeletal 
muscle in response to exercise/muscle contraction 
may relate to the rapid increase in UCP3 gene 
expression. Intense physical exercise is known to 
induce a marked increase in oxygen consumption in 

skeletal muscle and induce a higher level of oxygen 
flux and electron leakage from the mitochondria. In 
previous papers, muscle contraction-induced 
increases in free radical signals and ROS formation 
have been demonstrated in rodent skeletal muscle 
(Davies et al., 1982; Jackson et al., 1985; Reid et al., 
1992). Brand et al. (2002) have suggested that UCP3 
prevents the formation of ROS catalyzing a 
superoxide-inducible proton conductance. They also 
reported that oxidative damage (ROS formation) 
was significantly higher in mitochondria from UCP3 
under-expressing mice as compared with wild-type 
controls but was unaltered in those over-expressing 
UCP3 (Brand et al., 2002). Additionally, it was 
found that uncoupling induced by superoxide in 
isolated skeletal muscle mitochondria was mediated 
by UCP3 (Echtay et al., 2002). These observations 
support the idea that UCP3 may function as a 
regulator of ROS formation. Up-regulation of UCP3 
gene is thought to be an important mechanism in 
protecting these organelles from deleterious damage 
on cells because it can lower the proton gradient 
(Cline et al., 2001; Gong et al., 2000). There is little 
evidence of ROS-induced up-regulation of UCP3 
mRNA expression during exercise. However, based 
on previous studies demonstrating an involvement of 
UCP3 in regulating ROS formation, it is thought that 
a rapid and continuous up-regulation in UCP3 gene 
transcription activity throughout exercise may 
protect the mitochondria from ROS damage, 
especially damage from ATP synthesis consumed 
during the exercise.   

At present, it is not known what factors 
suppressed UCP3 mRNA expression activity to the 
basal level at 20 min of exercise. Although a potent 
link between UCP3 and FA metabolism has been 
implicated, the transient down-regulation in UCP3 
mRNA expression may suggest a minor role of FFA 
in regulating UCP3 mRNA expression during 
exercise. Because it is unlikely that exercise-induced 
accelerated fat metabolism is attenuated transiently 
during exercise, thereby inducing down-regulation 
in UCP3 gene transcription activity. In a study 
previously demonstrated, 2 h-exercise-induced ~4-
fold induction in FFA content did not accompany 
with significant changes in UCP3 mRNA expression 
at the end of the exercise, however UCP3 levels 
increased 4 h after the exercise with sustained FFA 
content level (Schrauwen et al., 2002). These results 
suggest that changes in FFA content may be not 
always a crucial factor which regulates UCP3 gene 
expression during exercise. The down-regulation of 
UCP3 mRNA expression during the exercise is not 
consistent with the inhibitory effect of UCP3 against 
ROS formation. The UCP3 has been shown to have 
extremely low concentration in skeletal muscle 
(200-700-fold lower than the expression of UCP1 in 
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brown adipose tissue) (Harper et al., 2002). In 
addition, other natural potent uncouplers in the 
mitochondrial inner membrane, such as ATP/ADP 
antiporter (ANT), have been identified (Esposito et 
al., 1999). Therefore these studies  suggest  a 
possibility that several uncouplers may be involved 
in coordinative regulation of antioxidant activity and 
UCP3 gene expression may have changed 
transiently during the exercise. Otherwise an 
inhibitory effect of nucleotides on UCP3 activity 
(Jabůrek et al., 1999), especially by diphosphates 
(ADP or GDP) (Echtay et al., 1999) might have 
affected the activity of the UCP3 gene transiently in 
response to change in ADP content in mitochondrial 
during the exercise. 

At the end of 60 min of exercise, UCP3 
mRNA expression was significantly increased. This 
is in line with the previous reports in humans 
(Pilegaard et al., 2000; Schrauwen et al., 2002) and 
in rodents (Jones et al., 2003; Tsuboyama-Kasaoka 
et al., 1998; Zhou et al., 2000), providing evidence 
that a single bout of sustained exercise (0.5 h~4 h) 
induces transient up-regulation in UCP3 mRNA 
expression. Exercise-induced sustained up-
regulation in UCP3 mRNA expression however was 
not accompanied by FFA induction. Considering 
that muscle TG is important substrate for muscle 
metabolism in the post-exercise period (Kiens and 
Richter, 1998), it is plausible that muscle TG may be 
involved in regulating the transcription activity. 
Otherwise, a sustained increase in oxygen 
consumption (Bahr et al., 1990; 1992) may provide 
function of UCP3 in preventing ROS formation. 

In the present study, GLUT4 mRNA did not 
show remarkable changes despite of increase in 
UCP3 mRNA expression suggesting minor effects 
of glucose metabolism on UCP3 mRNA expression 
in response to exercise. There are conflicting results 
about the relationship between UCP3 and GLUT4 
mRNA expression in response to acute exercise in 
rodents (Tsuboyama-Kasaoka et al., 1998; Zhou et 
al., 2000). The lack of induction of GLUT4 mRNA 
expression either the soleus or gastrocnemius muscle 
during and after exercise in the present study may 
extend previous work indicating dissociation 
between UCP3 (4~5-fold) and GLUT4 (no change) 
gene transcriptional activities in rat hind limb 
skeletal muscle in response to acute running exercise 
(Zhou et al., 2000). On the contrary, marked up-
regulation of both UCP3 (14~18-fold) and GLUT4 
mRNA expression (~2-fold) expression were found 
3 h after acute exercise in mouse gastrocnemius 
muscle (Tsuboyama-Kasaoka et al., 1998). There are 
differences in mode (swimming vs, running), 
duration of exercise (2 h vs. 1 h) and a time point for 
measurement (3 h after the exercise vs. at the end of 
the exercise) between this previous study 

(Tsuboyama-Kasaoka et al., 1998) and the present 
study, in addition to differences in species (mice vs. 
rat) and training status (2 wk training vs. untrained). 
On the other hand, the differences in the results may 
have been partly due to insufficient UCP3 mRNA 
expression to induce GLUT4 mRNA expression in 
the present study.  
 
CONCLUSIONS 
 
In summary, rapid and bi-phasic alteration of UCP3 
gene transcription activity in response to moderate 
exercise was demonstrated. However, physiological 
significance of these alterations is unclear. Further 
investigations directed at elucidating which factor(s) 
are involved in UCP3 gene transcription activity 
during exercise and how these factors are 
coordinated in response to exercise are warranted.   
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KEY POINTS 

 
• A single bout of 1 h moderate exercise induced 
rapid and bi-phasic alteration of UCP3 gene 
transcription activity in rat skeletal muscle. 
• The exercise-induced up-regulation in UCP3 
mRNA expression was sustained during 3 h of 
recovery period. 
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