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Abstract

Leptin receptor deficiency causes morbid obesity  

and hyperlipidemia in mice. Since physical exercise  

enhances energy expenditure, it is an important part 

of successful weight-control regimens. We investi-

gated the mechanism by which swim training  

regulates leptin receptor deficiency-induced obesity  

and lipid disorder in a mouse model of obesity (obese 

db/db mouse). Swim training for 6 weeks significantly  

decreased body weight gain and adipose tissue mass  

in both sexes of obese and lean mice, compared to  

their respective sedentary controls. These effects  

were particularly evident in obese mice. Swim  

training also caused significant decreases in serum  

levels of triglycerides, free fatty acids and total 

cholesterol in both obese and lean mice. In obese  

mice, swim training increased the levels of mRNAs 

and proteins encoding uncoupling protein 1 (UCP1), 

UCP2 and UCP3 in brown adipose tissue, white  

adipose tissue and skeletal muscle, respectively. In  

conclusion, these findings suggest that, in mice, 

swim training can effectively prevent body weight 

gain, adiposity and lipid disorders caused by leptin  

receptor deficiency, in part through activation of 

UCPs in adipose tissue and skeletal muscle, which  

may contribute to alleviating metabolic syndromes, 

such as obesity, hyperlipidemia and type 2 diabetes.

Keywords: adipose tissue, white; leptin receptor; lipid 
metabolism disorders; mitochondrial uncoupling pro-
tein; obesity

Introduction

Obesity has been the subject of intense investigation 
due to its causative links to a number of metabolic 
diseases such as type 2 diabetes, atherosclerosis, 
hyperlipidemia and hypertension, all of which are 
associated with increased mortality rates. Obesity is 
the result of an energy imbalance caused by an 
increased ratio of caloric intake to energy expen-
diture. Although the primary treatment for obesity 
historically has been caloric restriction, a more 
promising treatment may consist of increased phy-
sical activity in addition to controlling energy intake. 
Physical exercise rapidly increases energy ex-
penditure and has been associated with improved 
weight control (Brook et al., 1995; King et al., 2001; 
Wier et al., 2001). Exercise also causes a preferen-
tial utilization of fat, resulting in less fat in active 
individuals compared with sedentary controls. Whe-
reas food restriction alone tends to cause loss of 
lean as well as fat tissue, physical activity appears to 
have a protein-sparing effect (Walberg et al., 1982). 
    Chemical uncoupling of mitochondrial membranes 
by uncoupling proteins (UCPs) has been found to 
reduce body weight gain and adiposity (Kopecky et 

al., 1995; Lentes et al., 1999; Li et al., 2000; 
Schrauwen et al., 2002; Hesselink et al., 2003; Liu et 

al., 2003). UCPs are members of the mitochondrial 
carrier protein family, which includes UCP1, UCP2 
and UCP3. UCP1 is expressed exclusively in brown 
adipose tissue (BAT), while UCP2 is expressed in a 
variety of tissues such as white adipose tissue 
(WAT) and the liver, and UCP3 is highly expressed 
in skeletal muscle. UCP1 uncouples oxidative 
metabolism from ATP synthesis, resulting in the 
generation of heat; its expression levels are reduced 
in several rodent models of obesity (Sell et al., 
2004). UCP2 expression is induced through activa-

tion of peroxisome proliferator-activated receptor  
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(PPAR ), which is involved in fatty acid oxidation 
(Mori et al., 2004). In L6 myotubes, overexpression 
of UCP3 specifically increases fatty acid oxidation 
(MacLellan et al., 2005). These findings suggest that 
UCPs may be involved in the energy homeostasis. 
However, the effects of swim training on UCP1 and 
UCP2 in adipose tissue, and UCP3 in skeletal 
muscle, have not been evaluated in genetically 
obese db/db mice. 
    Homozygous leptin receptor-deficient db/db (obe-
se) mice exhibit an obesity syndrome characterized 
by severe adiposity, hyperlipidemia and insulin 
resistance (Muoio and Lynis, 2002). These mice 
have body weights three times greater than normal 
and exhibit a five-fold increase in body fat content 
(Friedman and Halaas, 1998). Despite findings that 
exercise affects obesity and adiposity, the molecular 
mechanisms underlying these effects remain poorly 
understood. The regulation of energy balance and 
fatty acid metabolism by UCPs and the role of swim 
training in energy expenditure suggest that swim 
training-activated UCPs may prevent obesity and 
lipid disorders caused by leptin receptor deficiency. 
    Therefore, we sought to determine whether or not: 
1. Swim training regulates leptin receptor deficiency- 
induced obesity and lipid disorders in an animal 
model of obesity; and 2. UCPs in adipose tissue and 
skeletal muscle are involved in this regulation. Using 
db/db mice, we found that swim training induced 
expression of mRNAs and proteins encoding the 
adipose UCP1 and UCP2 and skeletal muscle 
UCP3, and that this induction was accompanied by 
a reduction in both body weight gain and adiposity in 
both sexes. In addition, swim training improved 
circulating lipid levels. These data indicate that phy-
sical activity may modify the expression of UCPs, 
which may lead to the modulation of obesity and lipid 
metabolism.

Materials and Methods

Animals and swim training  

Eight-week-old, genetically obese B6.Cg-m Lepr
db

/++/ 
J (db/db) mice and lean B6.Cg-m Lepr

db
/+/J mice 

were bred and housed at the Korean Research 
Institute of Bioscience and Biotechnology, in 
pathogen-free conditions under a standard 12 h 
light/dark cycle. Female and male mice were each 
randomly divided into two groups (n = 7/group). In 
each test group, mice swam for 2 h daily for 6 weeks 
in a 35 ± 1

o
C water bath (1 m × 1 m, Jeiotech, 

Seoul, Korea); during the first two weeks, the 
duration of daily training was increased from 10 min 
to 2 h. Mice in each control group, similar in sex and 
initial body weight as the swimmers, were kept 

sedentary for 6 weeks. 
    All mice were weighed daily using a top-loading 
balance by an individual blinded to the treatment 
group. Food intake was determined by estimating 
the amount of food consumed throughout the treat-
ment period. Cages were inspected for food spillage, 
which was subtracted from food intake. Animals 
were sacrificed by cervical dislocation, and tissues 
were harvested, weighed, snap frozen in liquid 
nitrogen and stored at -80

o
C. All animal experiments 

were approved by the Institutional Animal Care and 
Use Committees (IACUC) of Mokwon University, and 
followed National Research Council Guidelines.

Analysis of blood chemistry

Serum concentrations of triglycerides and total cho-
lesterol were measured using an automatic blood 
chemical analyzer (CIBA Corning, Oberlin, OH), and 
serum free fatty acids (FFA) were measured using 
SICDIA NEFAZYME (Shinyang Chemical, Seoul, 
Korea). 

Northern blot analysis  

Total RNA was prepared from adipose and skeletal 
muscle tissues using Trizol reagent (Gibco-BRL, 
Grand Island, NY) and separated by electrophoresis 
on 0.22 M formaldehyde-containing 1.2% agarose 
gels. The separated RNA was transferred to Nytran 
membranes (Schleicher & Schuell, Dassel, Germa-
ny) by downward capillary transfer in the presence of 
20X SSC buffer (3 M NaCl, 0.3 M sodium citrate, pH 
7.0), UV-crosslinked and baked for 2 h at 80

o
C. DNA 

probes for mouse UCP1, human UCP2, human 

UCP3 and mouse -actin (internal control) were 
labeled with 

32
P using a Ready-to-Go DNA Labeling 

kit (Amersham-Pharmacia Biotech, Piscataway, NJ). 
Standard protocols were used for prehybridization, 
hybridization and washing of membranes. Blots 
were exposed to phosphorimager screen cassettes 
and visualized using a Storm 860 PhosphorImager 
system (Molecular Dynamics, Sunnyvale, CA). Den-
sitometric analysis of the mRNA signals was per-
formed using ImageQuant image analysis software 
(Molecular Dynamics).

Western blot analysis  

Proteins were prepared from adipose and skeletal 
muscle tissues. Briefly, tissues were homogenized 
with 5 volumes of homogenizing buffer (50 mM 
Tris-HCl pH 7.5, 1 mM EDTA, 100 mM NaCl, 0.1% 
Triton X-100, 10 mM mercaptoethanol). After centri-
fugation of the homogenates for 15 min at 10,000 ×
g, the supernatants were mixed with 100% TCA 
solution (20% final concentration). The mixed sam-
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ples were incubated for 30 min at 4
o
C and 

centrifuged at 15,000 × g for 30 min at 4
o
C. The 

pellets were washed with ice-cold 100% acetone 
twice, resuspended in dissolving buffer (50 mM 
Tris-HCl pH 7.5, 1 mM EDTA, 100 mM NaCl, 0.1% 
Triton X-100, 10 mM mercaptoethanol, 1% SDS) 
and then assayed for protein concentration. Protein 
samples were mixed with an equal volume of 2X 
SDS-loading buffer and boiled for 10 min. After 
separation on 10% SDS-polyacrylamide gels, pro-
teins were transferred to Nytran membranes 
(Schleicher & Schuell). The membranes were in-
cubated with goat anti-UCP1, anti-UCP2 and anti- 
UCP3 antibodies (Santa Cruz Biotechnology, Santa 
Cruz, CA) as primary antibodies and a HRP- 
conjugated anti-goat IgG (Santa Cruz Biotechnology) 
as a secondary antibody. Antibody bindings were 
visualized by chemiluminescence with the ECL kit 
(Amersham Pharmacia Biotech, Piscataway, NJ).

Statistics

Unless otherwise noted, all values are expressed as 
mean ± SD. All data were analyzed with an 
unpaired Student’s t-test using SigmaPlot 2001

Table 1. Effects of swim training on body weight and total WAT
mass in leptin receptor-deficient obese and lean mice.

Group Body weight (g) Total WAT (g)

Lean

Male

Control

Swim

Female

Control

Swim

Obese

Male

Control

Swim

Female

Control

Swim

28.6± 1.20

  25.5± 0.62
#

23.2± 1.70

 20.5± 1.26*

49.3± 2.03

40.3± 6.56
#

53.2± 4.26

 45.6± 1.19*

1.4± 0.11

  1.1± 0.16*

1.5± 0.16

1.1± 0.21**

11.9± 1.06

   8.9± 0.80
#

15.2± 0.38

 10.4± 1.05
#

Mice with similar initial body weights were either subjected to swim train-
ing for 2 h daily or kept sedentary, for a period of 6 weeks. Final body 
weights and total white adipose tissue (WAT) weights are presented. All 

values are expressed as mean± SD. *P＜ 0.05; **P＜ 0.01; 
#
P＜

0.001, as compared with their respective control group. 

Figure 1. Representative leptin re-
ceptor-deficient obese mice. Swim-trained 
mice were visibly leaner than their re-
spective controls.
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(SPSS, Chicago, IL).

Results  

Reductions in body weight gain and adipose tissue 
mass by swim training  

To determine whether swim training reduces body 
weight gain and adiposity, we measured changes in 
these parameters in both obese and lean mice. 
Swim training caused a significant decrease in the 
body weight gain in both sexes of obese and lean 
mice. Compared to sedentary lean mice, the body 
weights of sedentary male and female obese 
controls were 1.7- and 2.4-fold greater, respectively. 
Compared with their respective obese sedentary 
controls, obese male and female mice with 6 weeks 
of swim training had 18.2% (P ＜ 0.001) and 14.6% 
(P ＜ 0.05) lower body weights, respectively (Table 
1). Compared with their respective lean sedentary 
controls, swim training also significantly decreased 
the body weight gain of lean male and female mice 
by 10.9% (P ＜ 0.001) and 11.5% (P ＜ 0.05), re-
spectively (Table 1). Consistent with alterations in 
body weight gain, the overall sizes of swim-trained 
obese mice were reduced in comparison to their 
respective controls (Figure 1), However, swim train-
ing did not significantly affect the amount of food 
intake in either obese or lean mice (data not shown). 
    Swim training also markedly reduced total WAT in 
obese male and female mice by 25.2% (P ＜ 0.001) 
and 31.6% (P ＜ 0.001), respectively (Table 1). In 

addition, swim-training also significantly decreased 
total WAT in male and female lean mice by 21.1% (P
＜0.05) and 26.6% (P ＜0.01), respectively (Table 1). 
These results suggest that swim training effectively 
reduces leptin receptor deficiency-induced body weight 
gain and total WAT mass in both sexes of mice.

Improvement of lipid metabolism

Obese mice exhibited substantially elevated serum 
levels of triglycerides, total cholesterol and FFA, 
which are responsible for hypertrophy and hyper-
plasia in adipose cells. Compared with their respec-
tive sedentary controls, in swim-trained obese male 
and female mice we observed a significant decease 
in the following: serum triglycerides, 13% (P ＜ 0.05) 
and 9.3% (P ＜ 0.05); serum FFA, 16.2% (P ＜ 0.05) 
and 18.2% (P ＜ 0.05); serum total cholesterol, 20% 
(P ＜0.05) and 16.5% (P ＜0.05), respectively (Table 
2). Serum triglycerides, FFA and total cholesterol 
also decreased significantly in swim-trained lean 
mice (Table 2). These results indicate that swim 
training may prevent lipid disorders in leptin recep-
tor-deficient obese mice.

Expression of mRNA encoding UCPs

Swim training reduces body weight gain and adipose 
tissue mass in obese animals similar to the effects of 
UCPs. Therefore, we investigated whether or not 
swim training affects expression of UCP genes and if 
these play a role in swim training-regulated obesity 
and lipid disorder. We examined the levels of mRNA 

Table 2. Effects of swim training on circulating triglycerides, total cholesterol, and FFA in leptin receptor-deficient obese and lean mice. 

Group
Triglycerides 

(mg ml
-1
)

Total cholesterol 

(mg ml
-1
)

FFA ( Eq L
-1
)

Lean

Male

Control

Swim

Female

Control

Swim

Obese

Male

Control

Swim

Female

Control

Swim

  63.0± 4.24

  55.5± 4.20*

  67.0± 4.69

  60.5± 1.91*

150.0± 15.31

130.4± 9.71*

121.4± 7.77

110.0± 7.65*

  61.0± 5.89

  48.8± 4.79*

  51.3± 4.65

  42.8± 4.57*

107.8± 12.36

  82.4± 8.56**

118.6± 14.01

  79.0± 7.21
#

222.7± 21.50

172.3± 16.17*

320.0± 15.52

288.3± 10.50*

316.4± 23.29

265.4± 33.72*

344.4± 28.40

281.6± 38.91*

All values are expressed as mean± SD. *P＜ 0.05; **P＜ 0.01; 
#
P＜ 0.001, as compared with their respective control groups.
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encoding UCPs in adipose tissues and skeletal 
muscle of sedentary and swim-trained mice. In BAT 
of obese mice, swim training significantly increased 
UCP1 mRNA levels in females by 15.2% (P ＜ 0.05), 
and we observed a trend toward increasing UCP1 

(5.1%) mRNAs in males (Figure 2A). In WAT, swim 
training increased UCP2 gene expression in both 
sexes of obese mice, although to a greater extent in 
females than in males (17.1%, P ＜ 0.05 vs. 9.6%, 
respectively). In the skeletal muscle of obese mice, 

Figure 2. Effects of swim training on the UCP mRNA levels in both sexes of (A) leptin receptor-deficient obese and (B) lean mice. For 6 weeks, mice 
of similar initial body weights were either subjected to swim training or kept sedentary. Total cellular RNA encoding UCP1, UCP2 and UCP3 was ex-

tracted from BAT, WAT and skeletal muscle, respectively. All values are expressed as mean± SD of R.D.U. (relative density units) using -actin as 
a reference. Representative Northern blots from one of three independent experiments are presented. *P＜ 0.05; **P＜ 0.01, as compared with 
their respective control groups.
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swim training significantly increased the levels of 
UCP3 mRNA by 12.1% (P ＜ 0.01) and 10.4% (P ＜
0.05) in males and females, respectively. 
    We also tested the effect of swim training on UCP 
gene expression in lean mice and found significantly 
increased levels of UCP1 mRNA in the BAT of lean 
males (P ＜ 0.05), as well as increased levels of 
UCP2 mRNA in WAT of both sexes (P ＜ 0.05) 
(Figure 2B). However, we observed no effect on 
UCP3 mRNA levels in skeletal muscle of lean mice. 

Changes in UCP protein levels

We next studied the effects of swim training on UCP 
protein levels in male obese mice. Consistent with 
the effects of swim training on UCP mRNA levels, 
UCP protein levels were increased in swim-trained 
mice compared with sedentary control mice (Figure 
3). Swim training significantly increased UCP1 levels 
by 51.4% (P ＜ 0.05) in BAT, UCP2 levels by 91.2% 
(P ＜ 0.01) in WAT, and UCP3 levels by 60.3% in 
skeletal muscle (P ＜ 0.05). These results suggest 

Figure 2. Continued.
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that in leptin receptor-deficient animals, swim train-
ing stimulates mRNA and protein expression of 
UCPs in adipose tissue and skeletal muscle. 

Discussion

Since it has been suggested that UCPs are involved 

Figure 3. Effects of swim training on the protein levels of (A) BAT UCP1, (B) WAT UCP2 and (C) skeletal muscle 
UCP3 in leptin receptor-deficient male obese mice. For 6 weeks, mice of similar initial body weights were either sub-
jected to swim training or kept sedentary. Proteins were extracted from BAT, WAT and skeletal muscle, and analyzed 
as described in Materials and Methods. All values are expressed as mean± SD of R.D.U. (relative density units) us-
ing GAPDH as a reference. Representative Western blots from one of four independent experiments are presented. 
*P＜ 0.05; **P＜ 0.01, as compared with control groups. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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in the regulation of energy homeostasis, we hypo-
thesized that swim training may activate UCPs in 
mice of both sexes, leading to reductions in body 
weight gain, adiposity and dyslipidemia caused by 
leptin receptor deficiency. Our results demonstrate 
that swim training substantially reduces body weight 
gain and adipose tissue mass in obese and lean 
mice. These effects are particularly marked in the 
former group. Compared with lean mice, body wei-
ghts and WAT mass were substantially higher in 
obese db/db mice (Clement et al., 1998). However, 
swim training for 6 weeks significantly decreased 
body weight gains of obese mice by 18.2% and 
14.6% in males and females, respectively. The final 
body weights of swim-trained obese mice were 
almost the same as their initial weights. 
    Previously, we demonstrated that reductions in 
body weight gain could be related directly to reduc-
tions in fat mass (Yoon et al., 2002, 2003; Jeong et 

al., 2004a, b). Similarly, swim training significantly 
reduced leptin receptor deficiency-induced increases 
in total adipose tissue and especially visceral WAT 
weights in both sexes of obese mice. This finding is 
consistent with data demonstrating heterogeneous 
mobilization of adipose tissue triglycerides during 
exercise (Arner et al., 1990; Horowitz and Klein, 
2000) and progressively increased lipolysis rates in 
abdominal (but not in femoral) adipose tissue during 
exercise (Horowitz et al., 2000). Visceral obesity is 
particularly important for the pathogenesis of me-
tabolic syndromes since it is closely associated with 
the amount of visceral fat, and because visceral 
adipose tissue is especially active lipolytically 
(Kissebah, 1997; Enevoldsen et al., 2000). These 
findings suggest that swim training may be useful for 
treating metabolic diseases related to visceral 
obesity (Buemann and Tremblay 1996; Enevoldsen 
et al., 2000). 
    Since leptin receptor deficiency induces lipid sto-
rage and reduces lipid oxidation, it results in a 
decreased capacity to promote fatty acid oxidation 
and stimulate triglyceride hydrolysis; replacement 
with functional receptor reverses the metabolic fate 
of lipids (Pelleymounter et al., 1995). Thus, leptin 
receptor-deficient db/db mice have highly elevated 
levels of circulating triglycerides and cholesterol. 
However, swim training improves serum lipid meta-
bolism. The results of the current study demonstrate 
that increases in serum triglycerides and total 
cholesterol caused by leptin receptor deficiency 
could be decreased significantly by swim training. 
Our results, in association with those from other 
researchers, indicate that swim training efficiently 
regulates triglyceride and cholesterol metabolism in 
obese mice (Horowitz and Klein, 2000; Couillard et 

al., 2001; Miyasaka et al., 2003; Savage et al., 

2003), and may, therefore, represent an effective 
means for lowering their levels in blood. In addition, 
we also observed that training effected a decrease in 
serum FFA levels, possibly via the restoration of fatty 
acid oxidation capacity suppressed in db/db mice. 
Circulating FFA is a major factor in insulin resistance 
(Boden, 1997) and our results suggest that swim 
training may contribute to alleviation of this problem. 
    UCPs are thought to play roles in the regulation of 
energy expenditure, body weight, body temperature 
and fatty acid metabolism. It is reported that UCP1 is 
responsible for energy expenditure whereas UCP2 
and UCP3 are involved in the fatty acid oxidation 
(Schrauwen and Hesselink, 2002, 2004; Hesselink et 

al., 2003; Sell et al., 2004; MacLellan et al., 2005). 
Although the primary function of UCP2 and UCP3 is 
not the regulation of energy metabolism, they seem 
to influence energy balance metabolism as a 
secondary effect and may be important in the 
prevention and/or treatment of obesity. Thus, we 
investigated the expression of their mRNAs and 
proteins, as these genes may be involved in swim 
training-regulated obesity and lipid metabolism. 
Exercise has been shown to upregulate UCP3 gene 
expression in mouse skeletal muscles (Tsuboyama- 
Kasaoka et al., 1998), increasing ≤ 50% of the 
resting metabolic rate (Schrauwen and Hesselink, 
2002; Baar, 2004). UCP3 mRNA and protein ex-
pression is elevated by endurance exercise in the 
skeletal muscles of rodents and humans (Kelly et al., 
1998; Tsuboyama-Kasaoka et al., 1998; Schrauwen 
and Hesselink, 2002) and similarly, we observed that 
swim training increased not only the levels of skeletal 
muscle UCP3 mRNA in both sexes of obese mice, 
but also the levels of UCP3 protein in male obese 
mice. 
    However, less is known about the effects of 
exercise on UCP1 and UCP2 expression in adipose 
tissues. We found that in obese mice, swim training 
increased the levels of mRNAs and proteins enco-
ding UCP1 and UCP2 in BAT and WAT, respectively. 
These changes are in accordance with the weight 
reductions observed in BAT and WAT. Thus, exer-
cise may regulate body and fat weights, and lipid 
metabolism through upregulation of adipose UCP1 
and UCP2, as well as through skeletal muscle UCP3 
in obese mice. In addition, swim training also 
elevated their mRNA levels in lean mice. In contrast 
to data presented in this study, the previous report 
shows that UCP1 and UCP2 mRNA levels were not 
changed by swim training (Tsuboyama-Kasaoka et 

al., 1998). This discrepancy between the former 
report and our study may be due to variations in the 
duration of both whole training and daily training. 
Taken together, the increases in UCP gene ex-
pression induced by swim training may promote 
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energy metabolism and thus prevent mice from 
becoming obese and/or dyslipidemic. 
    In conclusion, we have shown that swim training 
regulates leptin receptor deficiency-induced obesity 
and lipid metabolism, and that these effects are 
mediated by activation of UCPs in obese mice. 
Swim training was found to prevent body weight 
gain, adiposity and lipid disorders in obese mice, 
resulting in the prevention of obesity, hypertri-
glyceridemia and hypercholesterolemia. In addition, 
this type of training stimulated the mRNA and protein 
expression of UCP genes in the adipose and skele-
tal muscle tissues. Therefore, although the mecha-
nisms by which this activity stimulates UCP gene 
expression remain unknown, our results indicate that 
swim training-activated UCPs may reduce obesity 
and improve lipid metabolism. 
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