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Abstract

Objectives Exercise is effective for preventing the onset
and development of type 2 diabetes mellitus (T2DM) in
human cases; however, the effect of exercise on the path-
ophysiology using animal models of T2DM has not been
fully evaluated.

Methods We applied voluntary exercise under pair-fed
(P) conditions in db mice, an animal model of T2DM.
Exercising (Ex) and sedentary (Se) mice were placed in a
cage, equipped with a free or locked running wheel, for
4 weeks, respectively. The amount of food consumed by
ad libitum-fed wild-type mice under the Se condition (ad-
WT) was supplied to all mice, except ad libitum db mice
(ad-db). Blood parameters and expression of the genes
involved in nutrient metabolism were analyzed.

Results PEx-db (pair-fed and exercising) mice showed
significantly lower HbAlc, body weight and liver weight
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than PSe-db and ad-db mice. Decreased hepatic triglycer-
ides in PEx-db mice corresponded to a lower expression of
lipogenic enzyme genes in the liver. Moreover, PEx-db
mice showed significantly lower plasma branched-chain
amino acids (BCAA), arginine, proline, and tyrosine, in
addition to increased skeletal muscle (SM) weight, than
PSe-db and ad-db mice, in spite of little influence on the
expression of the BCAA transaminase gene, in SM and
WAT.

Conclusion We found that exercise under a food restric-
tion condition decreases several amino acids, including
BCAA, and may improve insulin sensitivity more than
mere food restriction. We propose that the decreased
concentration of blood amino acids may be a valuable
marker evaluating the effects of exercise on diabetic
conditions.

Keywords Animal model - Exercise - Gene expression -
Nutrition - Type 2 diabetes mellitus

Abbreviations

AA Amino acid

ad Ad libitum

BCAA Branched-chain amino acids
PEx Pair-fed and exercising
FFA Free fatty acids

HDL High-density lipoprotein
PSe Pair-fed and sedentary
SLC Solute-linked carrier
SM Skeletal muscle

T2DM Type 2 diabetes mellitus
TG Triglyceride

VE Voluntary exercise
WAT  White adipose tissue
WT Wild type
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Introduction

The incidence of type 2 diabetes mellitus (T2DM) has
recently grown worldwide [1, 2]. Although T2DM has
genetic predispositions, it is unlikely that the gene pool has
changed appreciably over this short period of time [3, 4].
Thus, the growing incidence of T2DM may be related to
lifestyle factors rather than genetic factors [1-4]. Exercise,
one of these lifestyle factors, has markedly reduced in the
past several decades, especially in developed countries [1,
5, 6]. As appropriate exercise, the Centers for Disease
Control and Prevention and the American College of
Sports Medicine have jointly published recommendations
that adults should engage in at least 30 min of moderate
physical activity (e.g., brisk walking) on most, and pref-
erably all, days of the week [6]; therefore, the impact of
exercise (long-term, moderate physical activity, aerobic,
and voluntary), representing habitual exercise, on increased
glucose uptake and fat oxidation has been elucidated [7, 8].
However, the effect of exercise on organs such as the liver
and brain, which are difficult to obtain, is difficult to
examine in humans. Therefore, we are obliged to perform
experiments using experimental animals at present.

Using mouse models of T2DM, the effect of exercise on
pathological conditions, including glucose and lipid
metabolism has been examined [9-11]. In previous studies,
voluntary exercise (VE) and forced exercise, such as
treadmill and swimming, have been applied [9-11]. VE
may be more physiological; however, mice with T2DM
have been reported to perform a small amount of exercise
voluntarily [12, 13], which is similar to people with T2DM
[14]. In these reports, even VE failed to reverse defects in
glucose and insulin levels in db mice with leptin receptor
deficiency, an animal model of T2DM [12, 13]. On the
other hand, a food restriction, pair-fed procedure sup-
pressed weight gain, but did not restore fat content and
glucose levels [15, 16]. Recently, Stranahan et al. reported
that 60 % food restriction increased VE in db mice,
showing the effect of a combination of food and exercise
interventions [17]. Stranahan et al. [17] reported the effect
of exercise on metabolite levels of glucose and lipid
metabolism, and brain function; however, the effect of
exercise on gene expressions related to glucose and lipid
metabolism has not been examined. Additionally, the effect
of exercise on amino acid (AA) metabolism has not been
examined. In animals and humans with type 2 DM, a
higher concentration of blood branched-chain amino acids
has been noted [18-20]; therefore, we examined the effect
of exercise on AA metabolism, in addition to glucose and
lipid metabolism.

The purpose of the present study was to establish an
animal model of T2DM to evaluate the effect of exercise in
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an animal model of T2DM under a food restriction con-
dition by means of a pair-fed procedure. Using this model,
we examined the effects of exercise on AA metabolism, in
addition to glucose and lipid metabolism in db mice.
Additionally, we tried to examine the effects of exercise on
mRNA levels of the genes related to nutrient metabolism in
the liver, skeletal muscle (SM), and white adipose tissue
(WAT), representing insulin-sensitive organs.

Materials and methods
Animals and pair-fed conditions

Male mice with diabetes [C57BLKS(BKS).Cg- + Lepr®/
+ Lepr™/J; db], having a homozygous mutation of the
leptin receptor, and control (BKS.Cg-Dock7 ™ 4/
Dock7 ™ +/J; WT, mice without diabetes) mice at
4 weeks of age were purchased from Charles River Japan
(Kanagawa, Japan) [21]. After 3 days’ acclimation, as
exercising (Ex) or sedentary (Se) conditions, mice were
individually housed in a cage with a running wheel or a
locked wheel, respectively. They were kept at a constant
room temperature of 22 4+ 2 °C, with 12 h of illumination
(07:00-19:00). WT mice and db mice were subjected to
the following 5 conditions for 25 days: (1) ad-WT mice:
ad libitum and sedentary, (2) PEx-WT mice: pair-fed and
exercise, (3) ad-db mice: ad libitum and sedentary, (4)
PSe-db mice: pair-fed and sedentary, and (5) PEx-db
mice: pair-fed and exercise. Food (14.4 klJ/g, CE-2;
CLEA, Tokyo, Japan), which was equal to the food
consumed by ad-WT mice under the ad libitum-fed con-
dition in 1 day, was supplied to the mouse group under
pair-fed conditions every day at 17:00 (food consumption
during the experimental period: ad-db  mice:
181.2 &£ 7.3 g, pair-fed group mice: 103.5 g). On the last
day for ad-WT mice, we measured the amount of food
consumed by the mice during 17:00-19:00, resulting in
0.8 g food per mouse. The next day, we supplied 0.8 g
food to the remaining groups of mice at 17:00, and then
killed the mice after 2 h, meaning that the mice were
treated as being under feeding conditions. Finally, for
analysis, blood was taken from the heart, and then the
organs were removed. Blood parameters and mRNA
levels of the gene related to AA, glucose, and lipid
metabolism in the liver, SM (soleus) and WAT (fat sur-
rounding epididymis) were examined.

The present study was approved by the Ethics Com-
mittee for Animal Experimentation at Kagoshima Univer-
sity, which is standardized to the Japanese national
guideline for animal experiments, and the principles of
laboratory animal care were followed.
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Biochemical parameters

Blood (0.5 ml) was drawn from the heart with a syringe
containing 0.2 mol/l EDTA (10 pl), and organs including
the heart, liver, SM, and WAT were isolated [22]. The organs
were rinsed in isotonic saline, weighed, and quickly frozen in
liquid nitrogen. The blood was centrifuged at 3,000 rpm for
5 min for separation of plasma. The plasma and frozen
organs were stored at —80 °C until analysis. Leptin, insulin,
adiponectin, and corticosterone were measured by the
respective ELISA kits (R&D Systems, Minneapolis, MN;
Morinaga Institute of Biological Science Inc., Kanagawa,
Japan; Otsuka Pharmaceutical Co., Tokyo, Japan; Enzo Life
Sciences Inc., Plymouth Meeting, PA, respectively). HbAlc
was measured by an immunoassay (DCA 2000 system;
Bayer Diagnostics, Elkhart, IN). Plasma amino acid con-
centrations were determined with a JLC-500 model amino
acid analyzer (JEOL, Tokyo, Japan) after deproteinization
with 5 % (w/v) sulfosalicylic acid [23]. Glucose, free fatty
acids (FFA), triglyceride (TG), total cholesterol, and high-
density lipoprotein (HDL) cholesterol were measured using
the respective kits (Wako, Osaka, Japan). The frozen liver
was weighed and added to lipid extraction solution com-
posed of methanol—chloroform, and then homogenized. The
organic phase was transferred to glass tubes, evaporated with
nitrogen gas, reconstituted in an isopropanol-Triton X-100
mixture (10 % v/v), and then vortexed [24]. Lipid content
was measured with kits (TG, TG-E test Wako; T-Cho, Cho-
CII test Wako).

Gene expressions

The liver, SM, and WAT were used for isolation of total
RNA [25]. Isolated RNA was treated with DNase treatment
to remove genomic contamination. First-strand cDNA syn-
thesis was performed using 5 pg total RNA with oligo-
(dT),0 primer following the manufacturer’s instructions
(Invitrogen, Carlsbad, CA). Real-time quantitative PCR was
performed using SYBR-green on a TAKARA detection
system (TAKARA, Shiga, Japan) under the conditions rec-
ommended by the manufacturer. The primary sequences of
the genes are shown in supplementary Table 1 [26, 27]. The
relative level of mRNA was calculated using cycle time (Ct)
values, which were normalized against the value of -
tubulin. Relative quantification (fold change) between dif-
ferent samples was then determined according to the P
method. Due to the high variation in gene expression data of
ad-WT, the level of the genes in ad-db mice was set at 1.0.

Statistical analyses

Values are presented as the mean + standard error (SE).
The unpaired Student’s ¢ test was applied as appropriate to

identify significant differences between groups, using Ek-
useru-Tokei 2008 software (SSRI Co., Ltd., Tokyo, Japan),
with P < 0.05 as the criterion.

Results
Running distance and food intake

We preliminarily measured the amount of exercise by db
mice at 4 weeks of age under ad libitum conditions. db
Mice performed significantly less exercise than WT mice,
represented as the wheel-running distance (0.7 £ 0.1 vs.
4.5 £ 0.5 km/day, N =4; P <0.05). Regarding food
intake, ad libitum db mice consumed significantly more
food than WT mice for the first week after starting exercise
(5.8 £ 0.1 vs. 4.0 £ 0.1 g/day, N = 4; P < 0.05). Under
pair-fed conditions where the amount of food consumed by
ad-WT mice was supplied to db mice, the db mice under
the food restriction (Fig. 1A) performed more exercise than
ad-db mice at 4 weeks (1.7 = 1.3 vs. 0.7 = 0.1 km/day,
N = 6 and N = 4, respectively). During the experimental
period for 4 weeks, WT mice performed an increased
amount of exercise under the conditions, whereas db mice
showed largely constant values even under food restriction
conditions (Fig. 1A). db Mice performed significantly less
exercise than WT mice, except 1 week after starting the
exercise.

Body weight and organ weight

As shown in Fig. 1B, all groups of db mice weighed sig-
nificantly more than WT mice at 4 weeks of age before
exercise. In 1 week, db mice under pair-fed condition with
and without exercise weighed significantly less than ad-db
mice. Two weeks after exercise under pair-feeding condi-
tions, PEx mice with both genetic traits weighed signifi-
cantly less than the mice under the sedentary condition (ad-
WT and PSe-db mice), respectively. Body weight gain is
shown in Fig. 1C. PEx mice with both genetic traits had
significantly lower body weight gain than mice under the
sedentary condition (ad-WT and PSe-db mice), respec-
tively. This may be due to increased energy expenditure by
exercise. As shown in Table 1, PEx-db had significantly
higher weight of SM, and there was a tendency toward
increased weight of SM in PEx-WT (P = 0.13) as com-
pared to Se mice (ad-WT and PSe-db mice) with the
respective genetic trait. ad-db Mice had significantly higher
liver and WAT weight than the other 4 groups of mice
(Table 1). PSe- and PEx-db mice showed significantly
lower heart weight than ad-db mice. PEx-db mice had
significantly lower liver and WAT weight than PSe-db
mice, as well as WT mice (Table 1). Based on the ratio of
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Fig. 1 Body weight and voluntary exercise during the experimental
period. Amount of voluntary exercise (A), body weight (B), and body
weight gain before exercise and at 8 weeks (C) are shown. Circles
and squares represent WT and db mice, respectively. Closed symbols
represent exercising mice under the pair-fed condition (food amount
consumed by ad libitum-fed WT mice was supplied). Open symbols
represent ad libitum-fed mice under the sedentary condition. Hatched
symbols represent pair-fed db mice under the sedentary condition
(PSe-db mice). The values are the mean £ SE (A), the means — SE
(B), or the means + SE (c), as appropriate. Values were analyzed by
Student’s ¢ test. In (A) and (B), *P < 0.05 vs. WT mice in each
physical condition at the same time point. °P < 0.05 vs. ad-WT mice
or PSe-db mice at the same time point. “P < 0.05 vs. ad-db mice at
the same time point. In (C), *P < 0.05 vs. WT mice in each physical
condition. °P < 0.05 vs. ad-WT mice or PSe-db mice. °P < 0.05 vs.
ad-db mice

organ weights divided by the body weight, PEx-WT mice
showed a significantly lower ratio of WAT compared to ad-
WT mice, and a significantly higher ratio of SM for both
genetic traits of mice compared with mice under sedentary
conditions.
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Biochemical parameters including hormones of glucose
and lipid metabolism

As shown in Table 1, PEx-db mice showed significantly
lower plasma insulin, leptin, and corticosterone, and higher
plasma adiponectin than PSe-db mice. For plasma glucose,
PEx-db mice showed a similar level to PSe-db mice, but a
significantly lower level than ad-db mice. Regarding the
relationship between plasma glucose and insulin, PEx-db
mice showed a similar result to ad- and PEx-WT mice,
rather than ad- and PSe-db mice, as shown in Fig. 2. This
finding suggests that exercise improved insulin sensitivity
in db mice, corresponding to the results of HbAlc
(Table 1). Although PSe-db mice showed significantly
higher plasma corticosterone than ad-db mice, the level in
PEx-db mice was significantly lower than in PSe-db mice.
In the liver, PEx-db mice showed significantly lower tri-
glyceride content as mg/liver than PSe-db mice. On the
other hand, PEx-db showed a similar cholesterol level to
PSe-db mice (P = 0.43).

Amino acids

As shown in Table 2, PEx-db mice showed significantly
lower arginine, isoleucine, leucine, ornithine, proline,
tyrosine, and valine than PSe-db mice. As compared to ad-
db mice, PSe-db and PEx-db mice showed significantly
lower cystine, histidine, isoleucine, leucine, phenylalanine,
and tryptophan. Namely, arginine, ornithine, proline,
tyrosine and valine were significantly lower in PEx-db
mice, but not in PSe-db mice than in ad-db mice. For
BCAA (isoleucine, leucine and valine), PEx-db mice
showed a significantly lower level than PSe-db and ad-db
mice.

Gene expressions related to glucose, lipid, and AA
metabolism

To reveal the mechanism involved in the improvement of
pathological parameters by VE, we examined the mRNA
levels of the genes related to glucose, lipid, and AA
metabolism. Ex-db mice showed significantly lower
expression of glucose transporter (Glut) 2 and fatty acid
synthase (FAS) in the liver than ad-db mice (Fig. 3a).
There was a tendency toward lower acetyl-CoA carboxyl-
ase (ACC) I expression levels in the liver of PEx-db mice
as compared to ad-db mice (P = 0.12). For glucose 6
phosphatase (G6Pase) expression, PEx-db mice showed
similar levels to ad-db mice, but there was a significantly
lower level in PSe-db mice as compared to ad-db mice. In
phosphoenol pyruvate carboxykinase (PEPCK) expression,
PEx-db mice showed similar levels to ad-db and PSe-db
mice. In SM and WAT, PEx-db mice showed significantly
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Table 1 Effect of voluntary exercise on organ weight and biochemical parameters

Group
ad-WT PEx-WT ad-db PSe-db PEx-db
Fed condition ad libitum Pair-fed ad libitum Pair-fed Pair-fed
Physical condition sedentary exercising sedentary sedentary exercising
(N=4) (N=06) (N=4) (N=06) (N =6)
Organs
Liver g 1.06 £ 0.02° 0.98 4 0.02°¢ 292 +£0.14 1.42 £ 0.06™¢ 1.26 & 0.03*"¢
mg/g BW 46.7 £ 1.0° 48.1 £ 0.1° 67.7 £ 2.6 46.6 £ 2.2° 43.5 £ 0.9*°
WAT g 0.29 + 0.01° 0.19 & 0.01°¢ 2.03 £+ 0.08 1.33 £ 0.06*¢ 1.12 4 0.06°
mg/g BW 12.9 £ 04° 9.0 £ 0.7°¢ 470+ 1.5 436 £ 1.3* 39.9 + 1.2*¢
Heart mg 11 +£2 109 £+ 8 113 £ 1 95 + 2%¢ 93 £ 4°
mg/g BW 49 £ 0.1° 5.4 £ 04° 2.6 £ 0.1 3.1 +£0.1*¢ 3.2 £ 0.1*¢
SM (soleus) mg 7.1+ 1.1 9.1+ 06 8.6 £0.5 84+ 05 10.1 £+ 0.6°
mg/g BW 03 £0.1 0.5 £ 0.0°¢ 02+ 0.0 0.3 £ 0.0° 0.4 + 0.0~
Plasma
Glucose mmol/L 104 + 0.5¢ 8.8 + 0.4°° 340 £52 9.8 £ 1.0° 9.0 £ 0.8°
FFA mmol/L 0.4 £+ 0.1 0.2 £ 0.0° 0.5+ 0.1 04 £+ 0.0 04 +0.1°
TG mmol/L 0.6 £ 0.1° 0.6 £ 0.1° 1.0 £ 0.1 0.7 £ 0.1 0.6 £ 0.0°
Total cholesterol mmol/L 24 £0.1° 1.9 £0.2° 40+02 2.7 £ 0.1*¢ 2.3 £ 0.2°
HDL-cholesterol mmol/L 1.4 £0.1° 1.1 £ 0.0°¢ 23+ 0.1 1.4 £0.0° 1.3 £0.1°
Insulin pmol/L 167.0 &+ 58.9° 129.1 + 16.0° 1485.8 + 365.0 1698.1 + 282.9* 438.0 + 62.7*P¢
Leptin pg/L 6.8 £ 0.5° 7.4 £0.7° 95.8 £ 6.2 90.6 £+ 2.2* 75.5 4 4.5%0¢
Adiponectin pg/mL 122 £ 0.6 152 £ 0.9° 132 £ 04 133 + 1.0 16.3 £ 0.3>°
Corticosterone nmol/L 847.1 £ 129.2 763.4 + 44.8° 1095.7 + 104.1 1174.2 + 42.8*¢ 930.5 4+ 63.2°
Blood
HbAlc % 34 £0.1° 34 +£0.1° 49 +02 33 +£0.0° 3.1 + 0.1%0¢
(mmol/mol) (13.1 +£ 1.3) (13.7 £ 0.7) (29.5 + 1.6) (12.8 £ 0.3) (104 £ 0.8)
Liver
TG mg/g 3.7 £ 04° 3.1 +£0.7° 437+ 15 14.2 + 1.9*¢ 9.9 £+ 0.8*¢
mg/liver 3.9 £ 04° 3.0 £ 0.7° 128.1 £ 9.8 20.3 £ 2.9*¢ 12.6 4+ 1.2%0¢
Cholesterol mg/g 1.4 +£0.1° 1.2 +£0.1° 29403 1.6 £ 0.1° 1.7 £ 0.1*¢
mg/liver 1.5 £0.1° 1.1 £0.1°¢ 8.6 £ 1.0 2.3 +£0.2%¢ 2.1 £ 0.1*¢

Values are the mean & SE

Values were analyzed by Student’s 7 test

ad ad libitum-fed and sedentary, PSe pair-fed and sedentary, PEx pair-fed and exercising, Pair-fed condition food amount consumed by ad-WT
mice was supplied, BW Body weight, WAT white adipose tissue, FFA free fatty acids, 7G triglyceride

* P <0.05 vs. WT mice in each physical condition
® P <0.05 vs. ad-WT or PSe-db mice
¢ P <0.05 vs. ad-db mice

higher Glut4 and FAS than ad-db mice. In addition, ACC2
was significantly higher in SM of PEx-db mice, than ad-db
mice. There was a tendency toward higher ACCI expres-
sion levels in WAT of PEx-db mice, as compared to ad-db
mice (P = 0.13). Regarding BCAA metabolism, the three
groups of db mice showed similar expression levels in
branched-chain aminotransferase (BCAT) 2, solute-linked
carrier (SLC) 3A2 and 7A5 involved in BCAA transport, in
SM and WAT, respectively.

Discussion

In the present study, VE under pair-fed conditions
improved glucose, lipid, and AA metabolism in db mice
more than food restriction only, based on the results
regarding blood HbAlc, hepatic TG content, and blood
BCAA levels. Moreover, the exercise differently affected
expressions of the genes related to lipid synthesis in insu-
lin-sensitive organs such as the liver, SM, and WAT.
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Fig. 2 Relationship between plasma insulin and glucose levels.
Circles and squares represent WT and db mice, respectively. Open
symbols represent ad libitum-fed mice under the sedentary condition.
Hatched symbols represent pair-fed db mice under the sedentary
condition. Closed symbols represent exercising mice under the pair-
fed condition (food amount consumed by ad libitum-fed WT mice
was supplied). The values are the mean £ SE. Values were analyzed
by Student’s  test. For comparison of glucose and insulin between the
groups, alphabetical and Greek letters are used for statistical
significance, respectively. For glucose concentration; *P < 0.05 vs.
WT mice in each physical condition. °P < 0.05 vs. ad-WT or PSe-db
mice. °P < 0.05 vs. ad-db mice. For insulin concentration; *P < 0.05
vs. WT mice in each physical condition. PP < 0.05 vs. ad-WT or PSe-
db mice. "P < 0.05 vs. ad-db mice

To the best of our knowledge, this is the first report to
show successful treatment without any drugs for db mice,
an animal model of T2DM. VE under pair-fed conditions
reduced body, liver, and WAT weight in db mice. In
addition, body weight per se and body weight gain fell in
exercising mice (Fig. 1B, C), in contrast to high SM
weight. The increase of the SM weight in db mice can be
accounted for by an increase in the SM weight itself, and
not only by a decrease in the body weight corresponding to
a higher ratio of the SM weight/body weight (Fig. 1B;
Table 1). Thus, the increased SM weight despite body
weight decrease may be a beneficial effect of exercise
under the diabetic condition, as compared with mere food
restriction. The decreased liver weight may be caused by
decreased TG content, suggesting that exercise is effective
to suppress the development of fatty liver found in condi-
tions with diabetes. This finding is consistent with reports
on human studies [28, 29]. Interestingly, in the gene
expression study, lipogenic enzyme genes such as FAS and
ACCI in liver were lower in PEx-db mice than in ad-db
mice (Fig. 3). On the other hand, in SM and WAT, the
lipogenic enzyme genes were rather increased in PEx-db
mice, indicating that exercise may have different influences
on lipid metabolism in the respective organs sensitive to
insulin action. Expression of Glut4 was increased in SM
and WAT of PEx-db mice. Moreover, during the present
study, HbAlc was shown to be lower in PEx-db mice. As
shown in Fig. 2, exercise may enhance insulin sensitivity,
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rather than only food restriction. Altogether, excess blood
glucose in conditions with diabetes may be incorporated
into SM and WAT based on high expression of GluT4 and
lipogenic enzyme genes, leading to lipid synthesis
enhanced by exercise as replenishment of triglyceride. This
finding is consistent with reports on human studies [7, 8].

In rodents and humans with diabetes conditions
including type 1 and type 2, increased BCAA has been
reported [18-20]. The underlying mechanism is involved in
insulin resistance [30, 31]. Very recently, increased BCAA
has been reported to be an important prospective factor for
the onset of T2DM [20]. In the present study, exercise
decreased BCAA in db mice more than food restriction in
db mice. In db mice, branched-chain o-keto acids such as
isovaleric acid showed lower excretion in urine [32],
indicating the slow degradation and transport of BCAA in
WAT and SM, which are thought to play a role in BCAA
metabolism [26, 27, 33]. The gene expressions of BCAT2,
SLC3A2, and SLC7AS, the responsible genes in BCAA
degradation and transport, were not altered under exercise
conditions in our models, except BCAT2 in SM (Fig. 3).
Although the detailed underlying mechanism has not been
clarified, VE could decrease blood BCAA to the WT
mouse level, possibly due to improved insulin resistance
(Fig. 2) and/or increased incorporation into skeletal mus-
cle, corresponding to enlarged skeletal muscle related to
enhancement of protein synthesis (Table 1). The enlarged
skeletal muscle by VE was consistent with the previous
report [23]. In exercising db mice, the decrease in arginine
and ornithine through possible incorporation into the liver,
intermediates of the urea cycle, suggests an important role
in ammonia detoxification [34]. Proline and alanine (vs.
Se-db mice, P = 0.06), which decrease with exercise, may
be utilized efficiently to form glucose in the liver [35].
However, it remains to be elucidated whether exercise
enhanced hepatic gluconeogenesis.

Regarding the effect of exercise on hormone levels
related to nutrient metabolism, exercise increased adipo-
nectin and decreased leptin in blood (Table 1), leading to
enhanced insulin sensitivity, as in humans [36, 37]. The
altered levels of blood adiponectin and leptin cannot be
explained by gene expressions in WAT because exercise
did not significantly influence the expression level of
adiponectin and leptin in WAT (data not shown). The
underlying mechanism regarding the influence of exercise
on blood adiponectin and leptin levels will be elucidated by
this animal model. Regarding alterations of plasma corti-
costerone levels, fasting has been reported to increase
plasma corticosterone [38, 39]. Interestingly, VE in the
present study decreased plasma corticosterone in db mice,
suggesting that the effects of exercise are not explained by
the effects of longer fasting in association with increased
energy expenditure.
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Table 2 Plasma amino acid concentrations in WT and db mice

Group

ad-WT PEx-WT ad-db PSe-db PEx-db
Fed condition ad libitum Pair-fed ad libitum Pair-fed Pair-fed
Physical condition sedentary exercising sedentary sedentary exercising

(N=4) (N=06) (N=4) (N=06) (N=06)
Alanine 200.0 £ 31.1 256.9 + 14.7 299.1 £+ 65.6 293.3 £+ 6.0% 246.6 £+ 20.7
Arginine 57.1 £ 5.2° 86.6 + 10.0 793 £ 54 75.8 + 4.4* 58.6 + 5.1*P¢
Asparagine 259 +£ 1.8 31.6 £ 3.0 21.8 £ 29 23.0 £ 0.6 18.3 £ 2.5*
Aspartic acid 14.0 £ 4.2 132 + 1.8 132 £ 2.2 204 £22 148 £ 2.5
Citrulline 51.7 £ 2.9° 66.4 + 4.7° 93.7 + 13.1 743 £ 5.7* 62.4 £+ 6.6°
Cystine 51.8 £ 3.8 579 +£25 50.7 + 4.1 38.7 + 1.6*° 38.4 + 2.7%¢
Glutamic acid 19.0 £ 1.5 159+ 23 159+ 1.3 199 + 32 127+ 23
Glutamine 547.8 & 28.5° 619.5 £+ 38.7 723.8 £ 51.5 624.4 £+ 40.1 637.2 + 38.4
Glycine 2443 + 1.3¢ 272.6 + 18.6° 172.7 £ 124 193.0 + 5.7* 1914 + 17.2%
Histidine 454 + 1.4° 58.5 &+ 4.3"¢ 765 £ 1.7 40.5 + 3.0° 39.7 £+ 5.0
Isoleucine 742 £ 1.2° 105.3 + 15.2° 219.4 £+ 44.8 115.5 + 10.2*¢ 77.7 £ 6.2°°
Leucine 109.8 &+ 5.3° 163.9 + 24.3° 349.3 + 76.0 184.5 &+ 17.3%¢ 118.5 4+ 9.4°¢
Lysine 1775 £ 11.9 229.7 £ 19.0 217.0 £ 22.0 176.8 £+ 14.4 152.0 &+ 18.7%
Methionine 513+ 438 76.8 + 6.8¢ 399 + 54 450+ 23 39.4 4+ 4.5%
Ornithine 49.1 £ 5.7 80.0 +£ 15.0 453 £ 9.7 442 £ 4.6 28.1 + 3.7*°
Phenylalanine 56.2 + 4.3° 80.8 + 8.3 103.8 £+ 14.6 70.3 £ 5.2° 542 £+ 5.9*
Proline 73.0 £ 8.6 105.3 £ 12.1 82.5 £ 19.2 90.6 + 5.6 67.3 + 7.5*°
Serine 96.3 £ 2.6 134.4 + 9.6"¢ 90.5 + 4.8 81.0 £ 3.2° 76.6 + 7.7*
Threonine 126.8 £ 10.9 192.5 4 17.1°° 121.2 £ 13.0 1412 £ 7.8 109.6 + 14.2%
Tryptophan 49.8 + 3.7° 66.3 &+ 9.2° 95.6 + 4.8 59.7 + 5.8° 449 + 3.9°
Tyrosine 619 + 7.8 65.0 + 11.1 86.0 + 22.9 489 £+ 3.9 36.1 + 3.43P¢
Valine 213.6 + 5.0° 313.5 £ 349 508.1 £ 92.7 396.5 + 27.8* 263.1 + 24.6>¢
BCAA 397.6 &+ 10.6° 582.7 4+ 74.3° 1076.8 + 212.4 696.4 + 55.0* 4593 + 39.4°°

Values are the mean + SE

Values were analyzed by Student’s ¢ test

ad ad libitum fed and sedentary, PSe pair-fed and sedentary. PEx pair-fed and exercising, Pair-fed condition food amount consumed by ad-WT

mice was supplied, BCAA branched-chain amino acids
4 P <0.05 vs. WT mice in each physical condition

> P <0.05 vs. ad-WT or PSe-db mice

¢ P <0.05 vs. ad-db mice

To evaluate the effect of exercise, VE should be com-
bined with food restriction. With food restriction, db mice
performed a relatively high amount of exercise compared
to ad-db mice. This result is consistent with a report by
Stranahan et al. [17]. The pair-fed condition in the present
study, one type of food restriction, may relieve the sup-
pression of orexin-dopamine signaling, leading to an
increased amount of VE, by improving hyperglycemia.
Keller et al. [40] have already shown that the amount of VE
performed correlates with blood glucose in animals with
diabetes. The findings suggest that dietary intervention
reducing energy intake may increase the motivation to
exercise, resulting in efficient effects of exercise on dia-
betic conditions.

There is a limitation of the study. The experiments were
performed using an animal model with a genetically defi-
cient leptin receptor. Although the mice are an animal
model of T2DM, they are not the same as diabetes in
human cases. Although high blood leptin levels corre-
sponding to leptin resistance are similar to the pathological
situation in human cases of T2DM [41], the results
obtained here should be applied cautiously to humans.

In conclusion, we have established an animal model of
T2DM evaluating the effects of exercise on diabetic con-
ditions by means of a pair-fed procedure. Using this model,
we found that exercise decreases several amino acids,
including BCAA, and may improve insulin sensitivity
more than mere food restriction. In other words, the
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Fig. 3 Gene expressions in the liver (a), skeletal muscle (SM, b), and
white adipose tissue (WAT, ¢). The values are shown as relative fold
change over ad libitum db (ad-db) mice (all values were set at 1.0).
Open column, ad-db mice; hatched column, pair-fed and sedentary db
mice; closed column, pair-fed and exercising db mice. Food amount
consumed by ad libitum-fed WT mice was supplied as the pair-fed
condition. The values are the means + SE. Values were analyzed by
Student’s 7 test. *P < 0.05, **P < 0.01 vs. ad-db mice; *P < 0.05 vs.
PSe-db mice

decreased AA concentration in blood may be utilized as a
valuable marker to evaluate the efficiency of exercise on
diabetic conditions. This view will be evaluated in further
experiments in humans.
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