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ally compared samples from the same animals before
and after diet intervention in this study. The method of
extracting muscle tissue specimens from the same rats
from the contraposition in the leg before and after feed-
ing the HFD was considered to be an effective method
for obtaining closely similar samples.

The second meaningful characteristic of this study
was the similar energy intake of the two groups. The
average cumulative energy intake by the OP group was
not significantly different from that by the OR group.
Without this prerequisite (1, 2, 6, 14), the difference in
food intake may weaken such a comparability. In most
of the former studies on HFD, the subjects were divided
into OP and OR groups based on their body weight
gain, and the total energy intake was usually greater in
OP rats than in OR rats. The classification method in
this study was not the same, We defined OP and OR rats
according to their visceral fat pads weight. It is possible
that the intra-abdominal fat pad weight is less closely
correlated with total energy intake than body weight
gain.

Lilliocja et al. showed a significant correlation
between the degree of obesity and muscle fiber composi-
tion {r=—0.32 for percent type I and r=0.32 for per-
cent type ITX) (7). This observation was consistent with
the report of Wade et al. {8) that the proportion of type
I fibers was negatively correlated with the percentage of
body fat. Therefore, the muscle fiber composition was
considered to be a predeterminate factor for obesity.
When rats were classified by their intra-abdominal fat
pad weight in this study, no differences were observed
between OP and OR rats regarding either fiber type of
either muscle. Based on our data, skeletal muscle fiber
compositionn may not be a predeterminate factor for vis-
ceral obesity. The OP group was in the early stages of
the normal-to-visceral-obese process. This differs from
former studies, which mostly observed only obese sub-
jects. Obesity, especially visceral obesity, induces
marked endocrinal changes such as hyperinsulinemia
in its later stage, and hyperinsulinemia has been
reported to be able to induce an alteration in the muscle
fiber composition (21, 22). Such alterations might not
have been induced in this study due to the short length
of the study. Unfortunately, we did not collect blood
samples in this study. The presence of hyperinsulinemia
cannot be negated directly. However, in another HFD
(45.2% energy [rom fat) study we conducted, even 8 wk
of loading a diet much higher in fat% failed to induce
hyperinsulinemia in the male Wistar rats (unpublished
data). The data of the current study negated the muscle
fiber composition as a predeterminate factor for intra-
abdominal obesity. Interestingly, another study we con-
ducted, which showed the fast-twitch fiber dominant
rat was more obesity-resistant than the control rat after
feeding a HFD, threw doubt on the muscle fiber compo-
sition as a predeterminate factor even for body weight-
based obesity (23).

The most important observation of this HFD study is
that the OP group showed a greater increase in oxida-
tive enzyme activities than the OR group. The HFD
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induced visceral obesity (11) and increased the oxida-
tive enzyme activities of muscles (12, 13). On the other
hand, feeding of the HFD increased the activities of B-
HAD and CS only in the OP group in the current study.
The change of B-HAD in OP rats was nearly fourfold
that in the OR rats. Together with a significant differ-
ence of intra-abdominal adipose between them, it is
proper to regard these rats as obesity-prone/resistant
rats, respectively. In addition, the increased oxidative
adaptation In the skeletal muscle of the OP group was
considered to correlate with the HFD-induced intra-
abdominal adipose accumulation.

The change in the ratio of glycolysis to oxidation
showed that metabolic dominance in the skeletal mus-
cle adapted to the HFD. In both the OP and OR groups.
the proportion of glycolysis decreased and that of oxida-
tion increased. Except for the S-HAD/CS in the OR
group, all changes were significant. This suggests that,
due to the HFD, the metabolic balance in skeletal mus-
cle tends to rely on fat oxidation in order to consume
such excessive adipose. The OP group showed a greater
change in this regard as compared to the OR group.
This was compatible with the difference in intra-
abdominal adipose accumulation between the two
groups.

Although the difference was not significant, the OP
rat consumed a total of 210.4 kcal more than the OR
rat did on average, and this corresponded to approxi-
mately 23.4 g of adipose tissue. The average increase in
body weight gain was 144.0 g for OP rats and 126.3 g
for OR rats. In fact, the OP rat showed a body weight
gain of only 17.7 g more on average than the OR rat.
Namely, OP rat body weight increased an average of
about 6 g less than they should have in theory. Regard-
ing the intake calories of the OR rats as the standard,
the OP rats tended to exhibit weight gain-resistance.

To explain these phenomena, adipocytokines are
considered to be a possible contributor. In rodent skele-
tal muscle, leptin has shown a regulatory effect on fatty
acid oxidation (24-27) or peroxisome proliferator-acti-
vated receptor (PPAR) v coactivator 1 (PGC-1) (28), the
co-activator that promotes mitochondrial biogenesis
(29, 30) and cooperates with PPAR« in the transcrip-
tional control of nuclear genes encoding mitochondrial
fatty acid oxidation enzymes (31). It is possible that the
accumulation of adipose tissue increased the serum lep-
tin concentration in the early stage of obesity, and as a
result, fatty acid oxidation in the skeletal muscle
occurred. The OP rats showed significant adaptation to
the muscle oxidative enzyme activities due to the signif-
jcant accuamulation of adipose tissue, as shown by the
greater intra-abdominal fat pad weight and final
weight.

In the early stage of obesity, the greater oxidative
adaptation in the skeletal muscle of the OP rat might
imply a protective effect that inhibits further fat accu-
mulation. This phenomenon correlates with the known
function of leptin. However, obese subjects in the latter
stage of obesity were found to have lower oxidative
enzyme activities (9, 10). The concept of leptin resis-
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tance that has been verified in obese subjects {32) may
explain this contradiction. Further studies focusing on
the regulatory effects of adipocytokines on the enzyme
activities of skeletal muscle and the related time course
are therefore needed in the future.

It is note-worthy that the differences in weight, intra-
abdominal fat, and increase in the oxidative enzyme
activities between the OP and OR groups in this study
were small. Even though they were statistically signifi-
cant, there is need to use a larger number of animals or
use a control group to confirm the findings in the
future. In addition, due to the different patterns of obe-
sity in male and female animais, further studies
extended to female rats with the same study protocol
are needed to examine whether or not both sexes
respond similarly.

In summary, the present study found no differences
in the muscle fiber composition or capillarization
hetween OP and OR rats, but a greater increase in the
oxidative enzyme activity in OP rats after feeding a HFD.
This suggests that the skeletal muscle fiber composition
does not seem to be a predeterminate factor for visceral
obesity. Instead, intra-abdominal-obesity-susceptible
rats may characteristically be more adaptive in terms of
muscle oxidative enzyme activities in the early stage of
intra-abdominal adipose accumulation.

Acknowledgments

This research was supported by research grants from
the Japanese Ministry of Education, Culture, Sports, Sci-
ence and Technology (No. 13480009) to Dr. 8. Kuma-
gai.

REFERENCES

Commerford SR, Pagliassotti M], Melby CL, Wei ¥, Gay-
les EC, Hill JO. 2000. Fat oxidation, lipolysis, and free
fatty acid cycling in obesity-prone and obesity-resistant
rats. Am | Physiol Endocrinol Metab 279 E875-E885.
Lauterio T]. Barkan A, DeAngelo M, DeMott-Friberg R.
Ramirez R. 1998. Plasma growth hormone secretion is
impaired in obesity-prone rats before onset of diet-
induced obesity. Am | Physiol Endocrinel Metab 38: E6—
E1l1.

Pagliassotti M], Pan DA, Prach PA, Koppenhaler TA,
Storlien LH, Hill JO. 1995. Tissue oxidation capacity,
fuel stores and skeletal muscle fatty acid compositien in
cbesity-prone and obesity-resistant rats. Obes Res 3:
459-464.

Sant'Ana Pereira JAA, Ennion §, Sargeant AJ, Moorman
AFM, Goldspink G. 1997, Comparison of the molecular,
antigenic and ATPase determinants of fast myosin
heavy chains in rat and human: a single-fibre study.
Pfliigers Arch 435: 151-163.

Essén B, Jansson E, Henriksson A, Taylor AW, Saltin B.
1975. Metabolic characteristics of fibre types in human
skeletal muscle. Acta Physiol Scand 95: 153-165.

Abou Mrad ], Yakubu F, Lin D, Peters JC, Atkinson JB,
Hill JO. 1992. Skeletal muscle composition in dietary
obesity-susceptible and dietary obesity-resistant rats.
Am [ Physiol Regul Integr Comp Physiol 262: R684~
R688.

Lillioja S. Young AA, Culter CL, Ivy JL. Abbott WGH,

1)

2)

3)

4)

3)

6)

7)

8)

9

10)

11

12)

13)

14)

15

16)

17)

18)

19)

20)

21)

24)

645

245

Zawadzki JK, Yki-Jirvinen H, Christin L, Secomb TW,
Bogardus C. 1987. Skeletal muscle capillary density and
fiber type are possible determinants of in vivo insulin
resistance in man. J Clin Invest 80: 415-424,

Wade A}, Marbut MM, Round JM. 1990. Muscle fibre
type and aetiology of obesity. Lancet 335: 805-808.
Raben A, Mygind E, Astrup A. 1998, Low activity of oxi-
dative key enzymes and smaller fiber areas in skeletal
muscle of postobese women. Am J Physiol Endocrino!
Metab 38: E487-E494.

Simoneau JA, Veerkamp JH, Turcotte LP, Kelley DE,
1999. Markers of capacity to utilize fatty acids in
human skeletal muscle: relatton to insulin resistance
and obesity and ellects of weight loss. FASEB J 13:
2051-2060.

Joug-Yeon K, Nolte LA, Hansen PA, Dong-Ho H, Fergu-
son K, Thompson PA, Holloszy JO. 2000. High-fat diet-

. Induced muscle insulin reststance: relationship to vis-

ceral fat mass. Am ] Physiol Regul Integr Comp Physiol
279: R2057-R2065.

Miller WC, Bryce GR, Conlee K. 1984. Adaptations to a
high-fat diet that increase exercise endurance in male
rats. | Appl Physiol 56: 78-83,

Simi B, Sempore B, Mayet MH, Favier R]. 1991. Additive
effects of training and high-fat diet on energy metabo-
lism during exercise. | Appl Physiol 71: 197-203.
Gayles EC, Pagliassotti M], Prach PA, Koppenhaler TA.
Hill JO. 1997. Contribution of energy intake and tissue
enzymatic profile to body weight gain in high-fat-fed
rats, Am | Physiol Regul Integr Comp Physiol 272:
R188-R194.

Nemeth PM, Rosser BW, Choksi RM, Norris B], Baker
KM. 1992. Metabolic response to a high-fat diet in neo-
natal and adult rat muscle. Am | Piysiol Cell Physiol 31:
C282-C286.

Sam C. Graham B, Yakubu F, Lin D, Peters ]JC, Hill JO.
1590. Metabolic differences between cbesity-prone and
obesity-resistant rats. Am ] Physiol Regul Integrative
Comp Physiol 28: R1103-R1110.

Gorza L. 1990, Identification of a novel type 2 fiber pop-
ulation in mamimalian skeletal muscle by combined use
of histochemical myosin ATPase and anti-myosin mon-
oclonal antibodies. ] Histochem Cytochem 38: 257-265.
Uyeda K, Racker E. 1965. Regulatory mechanisms in
carbohydrate metabolisim VIL Hexolinase and phospho-
[ructokinase. | Biol Chem 240: 4682-4688,

Kobayashi A, Jiang LL, Hashimoto T. 1996. Two mito-
chondrial 3-hydroxyacyl-CoA dehydrogenases in bovine
liver. J Biochem 119: 775-782.

Srere PA. 1969. Citrate synthase. Methods Enzyinol 13:
3-6.

Holming A, Brzezinska Z, Bjdrntorp P. 1993. Effect of
hyperinsulinemia on muscle fiber composition and cap-
illarization in rats. Diabetes 42: 1073~-1081.

Houmard JA, O'Neill DS, Donghai Z. Hickey MS, Dohm
GL. 1999. Impact of hyperinsulinemia on myosin heavy
chain gene regulation. J Appl Physiol 86: 1828-1812.
Suwa M, Kumagai S, Higaki Y. Nakamura T, Katsuta S.
2002, Dietary obesity-resistance and muscle oxidative
enzyme activities of the [ast-twitch fibre dominant rat.
Int J Obes 26: 830-837.

Minokoshi ¥, Kim YB, Peroni OD, Fryer LG, Muller C,
Carling D, Kahn BB. 2002, Leptin stimulates fatty-acid
oxidation by activating AMP-activated protein kinase.
Nature 415: 339-343.



246

25)

27)

28)

29)

ZouBetal

Muoio DM, Dolun GL, Fiedorek FT Jr, Tapscott EB, Cole-
man RA, Dohn GL. 1997, Leptin directly alters lipid
partitioning in skeletal muscle, Diabetes 46: 1360-
1363.

Steinberg GR, Dyck DJ. 2000. Development of leptin
reststance in rat soleus muscle in response to high-fat
diets. Am ] Physiol Endocrinol Metab 279: E1374-
E1382.

Steinberg GR, Bonen A, Dyck DJ. 2002. Fatty acid oxi-
dation and triacylglycerol hydrolysis are enhanced after
chronic leptin treatment in rats. Am J Physiol Endocrinol
Metab 282; E593-EGOO.

Kakuma T, Wang ZW, Pan W, Unger RH, Zhou YT.
2000. Role of leptin in peroxisome proliferator-activated
receptor gamma coactivator-1 expression. Endocrinology
141: 4576-4582.

Bergeron R, Ren JM, Cadman KS, Moore IK, Perret F,
Pypaert M, Young LH, Semenkovich CF, Shulman GL

646

30)

31)

32

2001. Chronic activation of AMP kinase results in NRF-
1 activation and mitochondrial biogenesis. Am J Physiol
Endocrinel Metab 281: E1340-E1346.

Wu H, Kanatous SB. Thurmond FA, Gallardo T, Isotani
E. Bassel-Duby R, Williams RS. 2002. Regulation of
mitochondrial biogenesis in skeletal muscle by CaMK.
Science 296: 349-352,

Vega RB, Huss JM, Kelly DE. 2000. The coactivator PGC-
1 cooperates with peroxisome proliferator-activated
receptor alpha in transcriptional control of nuclear
genes encoding mitochondrial fatty acid oxidation
enzymes. Mol Cell Biol 20: 1868-1876.

Steinberg GR. Parolin ML, Heigenhauser GJE Dyck DJ.
2002. Leptin increases fatty acid oxidation in lean but
not obese human skeletal muscle: evidence of peripheral
leptin resistance. Am ] Physiol Endocrinol Metab 283:
E187-E192.



J Appl Physiol 95: 960-968, 2003.
First published May 30, 2003; 10.1152/japplphysicl.00349.2003.

Effects of chronic AICAR treatment on fiber composition,
enzyme activity, UCP3, and PGC-1 in rat muscles

Masataka Suwa,! Hiroshi Nakano,? and Shuzo Kumagai'
Unstitute of Health Science, Kyushu University, Kasuge, Fukuoka 816-8580; and 2Department
of Human Development, Nakamura Gakuen University, Jonan-ku, Fukuoka 814-0198, Japan

Submitted 7 April 2003; accepted in final form 24 May 2003

Suwa, Masatalca, Hiroshi Nakano, and Shuzo Kuma-
gai. Effects of chronic AICAR treatment on fiber composition,
enzyme activity, UCP3, and PGC-1 in rat muscles. JJ Appl
Physiol 95: 960-968, 2003. First published May 30, 2003;
10.1152/japplphysiol.00349.2003,—This study was designed
to determine the histological and metabolic effects of the
administration of 5'-AMP-activated protein kinase (AMPK}
activator 5-aminoimidazole-4-carboxamide-1-p-p-ribofurano-
side (AICAR) for 14 successive days. AICAR treatment
caused a significant decrease in the percentage of type IIB
fibers and the concomitant increase in the percentage of type
IIX fibers in extensor digitorum longus (EDL) muscle. The
capillary density and the capillary-to-fiber ratio were not
altered by AICAR. AICAR treatment increased the glycolytic
and oxidative enzyme activities but not the antioxidant en-
zyme activities. The AICAR treatment increased the uncou-
pling protein 3 (UCP3) level in EDL and the peroxisome
proliferator-activated receptor-y coactivator-la protein level
in the soleus and EDL muscles, whereas the myogenin level
was not altered by AICAR. These results seem to imply that
the chronic activation of AMPK alters such muscle histo-
chemical and metabolic characteristics.

5'-AMP-activated protein kinase; antioxidant capacity; mito-
chondrial enzymes; muscle fiber type composition; peroxi-
some proliferator-activated receptor-y coactivator-la; 5-
aminoimidazole-4-carboxamide-1-B-D-ribofuranoside; uncou-
pling protein 3

ENDURANCE EXERCISE TRAINING modifies various physio-
logical characteristics of the skeletal muscle, including
the muscle fiber composition (16), capillary network
(25), metabolic capacity (4), and antioxidant systems
(37). Despite the fact that a number of signaling path-
ways inducing such adaptations have been analyzed
for several years (9, 30, 51, 54), the mechanisms of such
adaptations remain to be fully elucidated.

Recently, the activation of 5'-AMP-activated protein
kinase (AMPK) by the injection of 5-aminoimidazole-
4-carboxamide-1-B-p-ribofuranoside (AICAR) or B-gua-
nidinopropionic acid feeding showed an increase in
fatty acid oxidation (31), glucose uptake (31), mito-
chondrial biogenesis (2, 58), hexokinase (HK) activity
(20, 53), mitochondrial enzyme activities (53), glucose
transporter 4 (GLUT-4) protein (20), and uncoupling
protein 3 (UCP3) (67). AMPK was activated by muscle
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contraction such as exercise (14, 52) and electrical
stimulation (22) by depression of ATP-t0-AMP ratio. It
is thus hypothesized that such skeletal muscle adap-
tations to endurance exercise training occur at least in
part through the AMPK pathway.,

Peroxisome proliferator-activated receptor-y coacti-
vator 1o (PGC-1) is a transcriptional coactivator that
interacts with several nuclear transcriptional factors
(40). PGC-1 promoted GLUT-4 expression (32}, mito-
chondrial biogenesis (30, 56), and fiber type transfor-
mation (30) in skeletal muscle cells. PGC-1 mRNA
expression was enhanced by AICAR (46). Acute endur-
ance exercise increased skeletal muscle PGC-1 mRNA
(1, 36, 46) and protein (1) levels. Endurance exercise
training also increased skeletal muscle PGC-1 mRNA
(36). On the basis of these data, it is hypothesized that
some skeletal muscle adaptations due to endurance
exercise training such as an increase in the oxidative
enzyme activities and fiber type transformation are
induced by the activation of AMPK and the consequent
increase in the PGC-1 expression. However, a study to
determine whether such skeletal muscle adaptations
are related to the chronic activation of AMPK and
increased PGC-1 protein content has yet to be con-
ducted. Therefore, one purpose of the present study
was to determine whether the chronic injection of
AICAR influences the PGC-1 protein content, muscle
histochemical characteristics including the fiber com-
position and capillary density, and metabolic enzyme
activities in rat slow- and fast-twitch skeletal muscles.

Endurance exercise training enhances skeletal mus-
cle antioxidant enzyme activities (37). In addition,
acute exercise and AICAR increase skeletal muscle
UCP3 (57}, which is a possible regulator of free radical
production (49). These reports raise the possibility that
the activation of AMPK also enhances antioxidant sys-
tems. However, very few studies concerning the rela-
tionship between AMPK and antioxidant systems have
so far been conducted (43, 57). Another purpose of the
present study was to test the hypothesis that the
chronic activation of AMPK by AICAR increases the
skeletal muscle UCP3 content and antioxidant enzyme
activities.
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MUSCLE CHARACTERISTICS WITH AICAR TREATMENT

METHODS

Animals. Five-week-old male Wistar rats with a body
weight of ~140 g were used for this experiment. All rats were
handled daily for at least 6 days before beginning the treat-
ment regimen. All rats were housed two to three per cage
(42 X 25 X 20 cm deep) in a temperature- (22 * 2°C) and
humidity-controtied (60 * 5%) room with a 12-h light (0700

“to 1900) and 12-h dark (1900 to 0700) cycle. Food and water
were provided ad libitum. All experimental procedures were
approved by the University Committee for the Use of Ani-
mals in Research and were in strict accordance with the
American Physiological Society Guiding Principles in the
Care and Use of Animals. The rats were divided into control
{n = 9) or AICAR (r = 7) groups. The rats of the control and
AICAR groups were given daily subcutaneous injections of
saline vehicle and AICAR (Toronto Research Chemicals,
North York, ON, Canada) (1 mg/g body wt) in saline, respec-
tively. This dose of AICAR certainly enhanced the skeletal
muscle AMPK activity at 60 and 120 min after injection (20,
23, 43, 53). Such procedures were performed between 0800
and 1000 for 14 suecessive days. The nonfasted rats were
anesthetized ~24 h after the last injection, with pentobarbi-
tal sodium (60 mg/kg body wt ip). The soleus and extensor
digitorum longus (EDL) muscles of both legs were rapidly
dissected. The muscles of the right leg were used for an
enzyme assay and those of the left leg were used for histo-
chemistry and Western blotting. The abdominal fat pads
(perirenal, epididymal, and mesenteric) were also excised
and weighed.

Musele histochemistry. Skeletal muscle fibers were roughly
categorized as type I, IIA, and IIB fibers (6). An analysis of
single muscle fibers demonstrated that the histochemically
defined type I, IIA, and IIB fibers expressed myosin heavy
chains 1, 2a, and 2b, respectively (47). Furthermore, an
additional myosin heavy chain 2x, which is also called 2d, has
been identified (29, 47). In addition, the type IIC fibers that
coexpress type 1 and type 2a myosin heavy chain proteins
were also observed (42, 47). In this study, the muscle fibers
were categorized as type I, 1IC, IIA, ITX, and IIB fibers. The
rank order of maximum contraction velocity in rat skeletal
muscle fibers was I < ITA < IIX < IIB (15). Muscle transverse
sections (7.jum) were cut from each muscle by using a crycstat
maintained at —20°C, and the sections were then mounted
on a cover glass, Myosin adenosine triphosphatase (ATPase)
was determined by using the previously described procedures
(44). In brief, consecutive serial sections were processed by
using three different pretreatments, preincubation at pH 4.3,
4.6, and 10.4. The muscle fibers were identified as type I, IIC,
IIA, ITX, and 1IB fibers on the basis of the myosin ATPase
staining intensity. Each section was photographed by use of
an Axioskop 2 plus microscope (Carl Zeiss, Hallbergmoos,
Germany) mounted with an Axiocam HEm CCD camera
(Carl Zeiss), and then each fiber was identified and counted
by use of a hand counter. Next, the muscle fiber composition
was determined by evaluating all countable fibers in both
muscles. A remaining transverse section was stained to de-
termine the succinate dehydrogenase activity (33).

To visualize the capillaries, another cross-section (7 pm)
was also cut. The section was fixed with 100 mM phosphate
buffer containing 4% formaldehyde for 4 min at room tem-
perature and then myosin ATPase (preincubation at pH 10.3)
was demonstrated as described previously (45). The stained
sections were photographed, and then the artifact-free three
0.147-mm? areas in each section were analyzed to determine
the capillary density (capillaries’'mm?), capillary-to-fiber ra-
tio (capillaries/fibers), and fiber density (fibers/mm?).
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Enzyme assay. The frozen muscle samples were homoge-
nized 1:20 {wtivol) in 175 mM KCl, 10 mM GSH, 2 mM
EDTA, and 0.1% Triton X-100, pH 7.4. Enzyme activities
were measured spectrophometrically. All enzymatic assays
were carried out at 30°C by using saturating concentrations
of substrates and cofactors as determined in preliminary
analyses. Citrate synthase (CS; tricarboxylic acid cycle) and
carnitine palmitoyltransferase (CPT; transport of fatty acids
to mitochondria) activities were measured at 412 nm fo
detect the transfer of sulfhydryl groups to 5,5'-dithiobis(2-
nitrobenzonie. acid) (DTNB). HK (mobilization of blood glu-
cose), pyruvate kinase (PK; glycolysis), lactate dehydroge-
nase (LDH; anaerobic glycolysis), malate dehydrogenase
(MDH; tricarboxylic acid cycle), B-hydroxyacyl CoA dehydro-
genase (HAD; B-oxidation of fatty acids), glutathione perox-
idase (GPX: antioxidant system), and glutathione reductase
{GR; antioxidant system) activities were measured at 340 nm
by following the production or disappearance of NADH or
NADPH.

For the HK (EC 2.7.1.1) assay, 100 mM Tris-HCl, 0.4 mM
NADP, 5 mM MgClz, 700 U/ml glucose-6-phosphate dehydro-
genase, 1 mM glucose, and 5 mM ATP, pH 7.0, were used.

For the PK (EC 2.7.1.40) assay, 50 mM Tris-HCl, 0.1 mM
KCl, 10 mM MgClg, 0.28 mM NADH, 1.5 mM ADP, 6 U/m!
LDH, and 5 mM phosphoenolpyruvate, pH 7.6, were used.

For the LDH (EC 1.1.1.27) assay, 50 mM Tris-HCl, 0.28
mM NADH, and 2.4 mM pyruvic acid, pH 7.6, were used.

For the MDH (EC 1.1.1.37) assay, 50 mM Tris-HCI, 0.28
mM NADH, and 0.5 mM oxalacetate, pH 7.6, were used.

For the CS (EC 4.1.3.7) assay, 100 mM Tris-HC), 0.1 mM
DTNB, 0.3 mM acetyl-CoA, 3.33 mM K;HPO,, and 0.5 mM
oxalacetate, pH 8.0, were used.

For the CPT (EC 2.3.1.21) assay, 75 mM Tris-HCl, 0.2 mM
DTNB, 1.5 mM EDTA, 2 mM L-carnitine, 0.05 mM palmitoyl-
CoA, pH 8.0, were used.

For the HAD (EC 1.1.1.35) assay, 100 mM Tris-HC], 0.28
mM NADH, 5 mM EDTA, and 0.1 mM acetoacetyl-CoA, pH
6.9, were used.

For the GPX (EC 1.11.1.9) assay, 100 mM Tris-HCl, 0.5
mM EDTA, 2 mM GSH, 0.2 mM NADPH, 1 U/ml GR, and
0.07 mM ¢-butyl hydroperoxide, pH 8.0, were used.

For the GR (EC 1.6.4.2) assay, 50 mM phosphate buffer, 1
mM EDTA, 1 mM GSSG, 0.2 mM NADPH, and 0.1% BSA, pH
7.6, were used.

Primary antibodies. Affinity-purified rabbit polyclonal an-
tibady to UCP3 (AB3046, Chemicon International, Temecula,
CA), PGC-1 (H-300, Santa Cruz Biotechnology, Santa Cruz,
CA), and myogenin (M-225, Santa Cruz Bietechnology) were
used in this study.

Gel electrophoresis and Western blotting. The tissue spec-
imens from each muscle were homogenized (1:10) in 50 mM
Tris-HCl pH 7.4, 5 mM EDTA, 10 pg/ml PMSF, 0.5 pg/ml
leupeptin, 0.2 wg/ml aprotinin, 0.1% Triton X-100, 0.2% NP-
40, 0.05% mercaptoethanol, and 1 mM Na3VO, for 30 s. The
homogenate was centrifuged at 15,000 g (4°C) for 25 min. The
supernatant was removed, and its protein concentration was
determined by use of a protein determination kit (Protein
Assay I1, 500-0006, Bio-Rad, Richmond, CA). Sodium dodecyl
sulfate-polyacrytamide gel (12.5% for UCP3 and myogenin
and 7.5% for PGC-1) electrophoresis (SDS-PAGE) was per-
formed. The proteins separated by SDS-PAGE were trans-
ferred onto the polyvinylidene difluoride membrane electro-
phoretically. The membrane was incubated with a blocking
huffer of casein solution (SP-5020, Vector Laboratories, Bur-
lingame, CA) for 30 min. The membrane was reacted with the
primary antibodies for 1 h and then incubated with biotinyl-
ated anti-rabbit IgG (1:800 dilution, Vector Laboratories) for
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30 min. The membrane was incubated for 30 min with the
avidin and biotinylated horseradish peroxidase macromeolec-
ular complex technique (PK-6100, Vector Laboratories) and
then was visualized with diaminobenzidine and H205. The
band densities were determined by use of the NIH Image
1.62 software (National Institutes of Health, Bethesda, MD).

Statistical analysis. To compare the body weight between
the treatment groups, the two-way repeated-measures
ANOVA (rat group X day) was used. To compare the other
variables, the unpaired {-test was used. A value of P < 0.05
was considered to be significant.

RESULTS

Body composition. The body mass and abdominal fat
content of the rats in each group are shown in Fig, 1.
No statistically significant differences in the body mass
were observed between the control and AICAR groups
(P = 0.599) (Fig. 1A). The abdominal fat content of
AICAR (3.99 = 0.20 g) was 26% lower than the control
(5.39 = 0.20 g) (P = 0.0002) (Fig. 1B). Although the
rats were fed ad libitum and food consumption was not
measured, it is speculated that the observed difference
was at least partially due to the chronic activation of
AMPK by AICAR rather than any difference in food
intake because a previous study using pair-fed rats
(53) also indicated a lower fat pad weight in chronic
AICAR-injected rats than saline-injected rats.

Histochemical analyses. In the EDL muscle, from the
myosin ATPase stained sections (Fig. 24, a and b), the
intermediately stained type IIB fibers appear to de-
crease in the AICAR group. In addition, in the succi-
nate dehydrogenase-stained sections (Fig. 24, ¢ and d),
the intensely stained oxidative fibers seem to increase
in the AICAR group. As shown in Fig. 2B, the percent-
age of type IIB fibers in AICAR was significantly lower
than in control (26.9 = 2.7 and 36.1 * 2.4%, respec-
tively, P = 0.024), and the percentage of IIX fibers in
AICAR was significantly higher than in control (49.0 =
2.6 and 40.9 * 2.1%, respectively, P = 0.030). In the
soleus muscle, as shown in Fig. 2B, no significant
differences were observed in fiber composition of either
fiber type. No type IIX or IIB fibers were observed in
the soleus muscle,

MUSCLE CHARACTERISTICS WITH AICAR TREATMENT

The capillary density, capillary-to-fiber ratio, and
fiber density (an index of fiber size) are indicated in
Table 1. No significant differences were observed re-
garding the capillary network between the groups.

Enzyme activities. Table 2 indicates the muscle en-
zyme activities. HK, PK, CS, MDH, and HAD activities
in the AICAR group was significantly greater than
control (P < 0.05) in both the soleus and EDL muscles.
On the other hand, the LDH, CPT, GPX, and GR
activities in AICAR were not significantly different
from control in either the scleus or EDL muscles.

Western blotting. Figure 3A shows representative
Western blot detections of UCP3 in the EDL muscle of
rats from both groups. Compared with control, UCP3
was markedly increased in the EDL muscle of the
AICAR group. The densitometric data (Fig. 3B) indi-
cated that UCP3 protein level in AICAR was signifi-
cantly higher than in control (1.96 + 0.28 and 1.00 =
0.19, respectively, P = 0.010). In the soleus muscle,
UCP3 was undetected.

Figure 4A shows representative Western blot detec-
tions of PGC-1 in the solens and EDL muscles of the
rats from both groups. PGC-1 appeared to markedly
increase in both the soleus and EDL muscles of the
AICAR pgroup. The densitometric data (Fig. 4B) indi-
cated that the PGC-1 protein level of the soleus and

- EDL muscles in AICAR were significantly higher than

control (2,14 * 0.32 and 1.00 = 0.08, P = 0.003 in
soleus, and 1.87 = 0.39 and 1.00 = 0.07, P = 0.025 in
EDL, respectively). We also determined the myogenin
protein level because it was a possible regulator of
oxidative enzyme activities (21). In Fig. 5, the myoge-
nin content was shown to demonstrate no change after
chronic ATCAR treatment in the soleus muscle (1.00 =
0.14 in control and 1.26 = 0.23 in AICAR, P = 0.33). In
the EDL muscle, no myogenin was detected.

DISCUSSION

In this study, we demonstrated that chronic AICAR
treatment for 2 wk decreased the percentage of type
IIB fibers and concomitantly increased the percentage
of type IIX fibers, which had a slower shortening ve-
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263

Fig. 2. A: representative transverse
sections of the extensor digitorum lon-
gus (EDL) muscle in control {a and ¢)
and AICAR groups (b and d). ¢ and &:
Myosin ATPase preincubation at pH
10.4. Light, intermediate, and dark fi-
bers are types I, IIB, and IIA/IIX, re-
spectively. ¢ and d: Succinate dehydro-
genase activity. Bars = 1 mm, B: aver-
age percentage of fiber composition
values for the soleus and EDL muscles.
Values are means * SE; n = 6-9 mus-
cles per group. *P < 0.05 vs. control.
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locity (5) and a more oxidative capacity (38) than IIB
fibers, in fast-twitch EDL muscle. It is well recognized
that exercise training and chronic electrical stimula-
tion induced skeletal muscle fiber type transformation
(35). The chronic low-frequency stimulation for 28 days
in rat EDL muscle showed a marked decrease in the
percentage of type IIB fibers and an increase in the
percentage of type IIX fibers (11). Voluntary running

exercise over 45 days in rats resulted in a reduced
percentage of type IIB fibers and an increased percent-
age of type IIA/AIX fibers in the EDL muscle (27). These
reports suggested that IIB — IIX conversion occurred
in the early phase of chronic muscle contraction. On
the basis of these data, AICAR treatment appears to
mimic the effect of chronic electrical stimulation and
endurance exercise training on muscle fiber type trans-

Table 1. Muscle capillary density, capillary-to-fiber ratio, and fiber density

Soleus EDL
Control AICAR Control AICAR
Capillary density, capillaries/mm? 1,047 £ 40 1,185 = 54 1,107 %37 1,161 =37
Capillary-to-fiber ratio, capillaries/fibers 2.32x20.07 2.41=0.10 1.59+0.04 1.61=0.06
Fiber density, fibers/mm?* 45321 498+35 697+ 26 726+ 35

side.

Values are means = SE; » = 6-9 muscles. EDL, extensor digitorum longus; AICAR, 5-aminoimidazole-4-carboxamide-1-B-p-ribofurano-
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Table 2. Effect of chronic AICAR treatment on
enzyme activities

Soleus EDL

Control AICAR Control AICAR
HEK 2.29+0.15 301017 232%0.09 4.82+0.20*
PK 259=+11 31.0+1.3* 166.3+5.7 216.6 +B8.9*
LDH 166+8 187+9 623x20 568+ 26
Cs 13.9+0.7 16.7 = 0.5* 10804 12.5%02*
MDH 735x32 874+ 37 614+26 T46 > 46*
CPT 0.115£0.007 0.118=0.009 0.073x=0.003 0.076=0.004
HAD 36.2x1.4 46.2+1.5* 14205 17.1+0.6*
GPX 184+2 1895 1342 . 135=x2
GR 1.91£0.05 1.21+0.06 1.02+0.02 0.99+0.03

Values are means * SE (in pmol'g~l-min~1); n = 7-9 muscles.
HK, hexckinase; PK, pyruvate kinase; LDH, lactate dehydrogenase;
CS, citrate synthase; MDH, malate dehydrogenase; CPT, carnitine
palmitoyl transferase; HAD, B-hydroxyacyl CoA dehydrogenase;
GPX, glutathione peroxidase; GR, glutathione reductase. *P < 0.05
vs, control. .

formation. The reason why AICAR treatment alters
the muscle fiber composition is unclear at present. One
possible mechanism for this is that increased PGC-1
protein by AICAR alters the fiber type-related gene
expression. PGC-1 coactivated transcriptional factor
myocyte enhancer factor-2 (30, 32} and skeletal muscle
fiber type transformation (30). Myocyte enhancer fac-
tor-2 activated the expression of slow or oxidative mus-
cle genes (55). The induction of PGC-1 has been pro-
posed to play an important role in coordinating the
activation of various genes linking to the skeletal mus-
cle fiber phenotype.

It should be noted that the fiber-type transformation
from type II to type I fibers was not observed in the
present study. Although any evidences of the transfor-
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Fig. 3. Western blot analysis of uncoupling protein 3 (UCP3) in the
EDL muscle. A: representative blots made by use of an antibody
against UCP3 showing increases in UCP3 by AICAR treatment. B:
average values for the UCP3 in EDL muscle. Values are means *
SE; n = 7-9 muscles per group. *P < 0.05 vs, control,
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Fig. 4. Western blot analysis of peroxisome proliferator-activated
receptor-y coactivater-la (PGC-1) in the soleus and EDL muscles. A:
representative blots made by using an antibody against PGC-1
showing increases in PGC-1 in both the solens and EDL muscles by
AICAR treatment. B: average values for the PGC-1 in soleus and
EDL muscles. Values are means = SE; n = 7-9 muscles per group.
*P < 0.05 vs, control.

mation from type II to type I fibers with AICAR treat-
ment have not yet been observed, our results did not
completely negate the potential role of AMPK for such
transformation. In the early phase of high-intensity
endurance exercise training (26) and chronic electrical
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Fig. 5. Western blot analysis of myogenin in the soleus muscle, A:
representative blots made by using an antibedy against myogenin. B;
average values for the myogenin in soleus musele. Values are
means * SE; n = 7-9 muscles per group.
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stimulation (11), the fiber-type transformation within
subtypes of type II fibers was only seen. However, in
the later phase, alternation from type Il to type I fibers
may possibly occur (11, 16, 26). Therefore, it might be
possible that AICAR treatment for over 14 days in-
duces the transformation from type II to type I fibers.
Further research is needed to examine whether AICAR
treatment affects all fiber types.

Acute and chronic AICAR treatment increased the
skeletal muscle glucose uptake (8, 18, 28, 31) and
GLUT-4 protein content (20, 23), respectively. Like
previous studies (20, 53), we demonstrated that the
AICAR treatment increased the skeletal muscle HK
activity, which is a possible determinant of the glucose
uptake in skeletal muscle during exercise and hyper-
insulinemic conditions (17). Interestingly, the present
study also demonstrated that the glycolytic PK activi-
ties of the soleus and EDL muscles were also increased
by AICAR. Collectively, these findings provide evi-
dence that the activation of AMPK by AICAR totally
enhances the glucose metabolism. We demonstrated
that chronic AICAR treatment increased the tricarbox-
ylic acid cycle and B-oxidation enzyme activities in
skeletal muscle. Furthermore, a previous study dem-
onstrated that acute AICAR treatment enhanced fat
oxidation through the inhibition of the acetyl-CoA car-
boxylase activity and the consequent reduction in the
malomyl-CoA content, which inhibits the transport of
fatty acids to the mitochondria, in skeletal muscle (31).
Collectively, such evidence suggests that the activation
of AMPK may totally enhance the capacity of energy
utilization.

It is noteworthy that the HK activity of EDL was
increased 108% by 14 successive days of AICAR treat-
ment, whereas all other enzyme activities affected by
AICAR increased ~15-31%. Winder et al. (53) demon-
strated that the 4 wk of AICAR treatment increased
GLUT-4 protein content in fast-twitch quadriceps mus-
cle but not in slow-twitch soleus muscle. In addition,
Buhl and coworkers (7, 8) indicated that chronic
AICAR treatment enhanced GLUT-4 protein expres-
sion, insulin-stimulated glucose uptake, and GLUT-4
translocation in primarily fast-twitch glycolytic mus-
cles. Collectively, these findings provide evidence that
chronic AICAR treatment improves the capacity of
skeletal muscle glucose uptake especially in fast-
twitch glycolytic muscles. :

Because PGC-1 and myogenin controlled the mito-
chondrial biogenesis and oxidative enzyme activities
(21, 30, 56), we herein examined their protein content
in skeletal muscles, As shown in the results, the PGC-1
protein contents in the rat soleus and EDL muscles
increased after chronic AICAR treatment. In addition,
a previous study indicated that acute AICAR treat-
ment increased the PGC-1 mRNA expression in rat
epitrochlearis muscle {46). Therefore, the activation of
AMPK with AICAR should enhance the PGC-1 expres-
sion. PGC-1 increased the mRNA expression and tran-
scriptional activity of nuclear respiratory factors 1 and
2 (1, 56), which were transcriptional factors related to
mitochondrial function (40). Although the transecrip-
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tional activities of nuclear respiratory factors were not
determined in this study, on the basis of these data we
speculate that the increase in the muscle mitochon-
drial oxidative enzyme activities with chronic AICAR
treatment is at least partially induced by the interac-
tion of PGC-1 and nuclear respiratory factors. On the
other hand, myogenin protein was not altered in the
soleus muscle by AICAR or undetected in the EDL
muscle. Therefore, an upregulaticn of myogenin by
exercise (19, 50) is probably not related to the AMPK
pathway.

Both the present study (treatment for 2 wk) and a
previous study (treatment for 4 wk) (53) demonstrated
that chronic AICAR treatment increased the mitochon-
drial tricarboxylic acid cycle enzyme activities. In ad-
dition, the HAD activity, which catalyzes mitochon-
drial p-oxidation of fatty acids, was also increased by
AICAR in the present study. On the other hand,
Winder et al. (53) failed to demonstrate such an in-
crease. They also showed that treatment with AICAR
for 2 wk increased the CS activity in the rat red
quadriceps muscle, whereas 4 wk of such treatment did
not. These results raise the possibility that the in-
crease in the mitochondrial oxidative enzyme activities
by AICAR occurs in the early phase but downregula-
tion occurs if the treatment period is extended. To
resolve the effect of the time course on the AICAR-
treated muscle oxidative enzyme activities, further
studies are thus called for.

Although the HAD activity was enhanced by
AICAR treatment, this study and the previous study
{53) demonstrated that CPT activity, which may be
the rate-limiting step in fatty acid uptake and oxi-
dation by mitochondria, was not changed by chronic
AICAR treatment. Because both HAD and CPT are
the enzymes of mitochondrial fatty acid metabolism,
our results suggested that CPT was not regulated by
the AMPK pathway. The upregulation of CPT in
response to endurance exercise training (3, 48) has
thus been proposed to depend on the other signaling
pathways. It should be noted that such results did
not exactly negate the effect of AICAR treatment on
fatty acid uptake by mitochondria. Merrill et al. (31)
demonstrated that acute AICAR perfusion to the
hindlimb immediately inactivated acetyl-CoA car-
boxylase and decreased malonyl-CoA, an inhibitor of
CPT, and then the fatty acid oxidation was in-
creased. In the present study, the muscles were
dissected ~24 h after the last AICAR injection. It is
possible that such an acute effect is not maintained
at least 24 h after injection,

In this study, we demonstrated that chronic AICAR
treatment increased the UCP3 protein content in EDL
muscle. UCPs inhibited the production of reactive ox-
ygen species in the mitochondria (12, 34, 49). Exercise
and hypoxia, which are considered to produce reactive
oxygen species, immediately enhanced the skeletal
muscle UCP3 protein level as well as AICAR (57). In
addition, exercise (14, 52}, hypoxia (13), and hydrogen
peroxide (10) all activated AMPK. As a result, the
increased muscle UCP3 protein by the AMPK pathway
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thus appears to inhibit the reactive oxygen species
production in fast-twitch muscle. On the other hand,
this study indicated that the antioxidant enzyme ac-
tivities, including GPX and GR, were not altered after
chronic AICAR treatment in either the scleus or EDL
muscles. The increase in the antioxidant enzyme activ-
ities by exercise training (37) is thus suggested to be
independent of the AMPK pathway. As a result, our
original hypothesis was proven to be incorrect. To re-
solve the underlying process for the increased antioxi-
dant enzyme activities in response to exercise, further
experimental studies are called for. .

In the EDL muscle, both the UCP3 levels and mito-
chondrial enzyme activities except for CPT increased
after chronic AICAR treatment. These results were
consistent with previous reports describing that the
UCP3 appeared to increase as a component of the
exercise-induced increase in skeletal muscle mitochon-
dria (24). These results seem plausible because the
PGC-1 protein, which regulated both mitochondrial
biogenesis (30, 56) and expression of UCPs (56}, in-
creased with chronic AICAR treatment. In other
words, it is speculated that the activation of AMPK
increased the PGC-1 protein level, and it consequently
increased both mitochondrial enzyme activities and
UCPs.

Both this study and a previous one {41) demon-
strated that UCP3 protein was not detectable in the
contrel rat slow-twitch soleus muscle. In addition, the
rank order of the UCP3 protein content in human
skeletal muscle fibers is IIX > IIA > I (39). These
results suggest that UCP3 protein preferentially accu-
mulates in fast-twitch muscle fibers. The factors caus-
ing a difference in the UCP3 protein content between
slow- and fast-twitch muscles remain to be elucidated.
One possibility might be the difference in the recruit-
ment of muscles. Because the slow-twitch soleus is an
antigravity and postural muscle, it would be recruited
to a much greater extent than EDL muscle at least in
the sedentary condition. The muscle UCP3 protein
content in endurance-trained subjects was lower than
in untrained subjects (39), thus suggesting that an
increase in the muscle activity results in a decrease in
the UCP3 expression. As a result, the UCP3 protein of
the soleus muscle dramatically decreased until reach-
ing an undetectable level.

In summary, we herein demonstrated that chronic
AICAR treatment for 2 wk decreased the percentage of
type IIB fibers and increased the percentage of type IIX
fibers in EDL muscle. In addition, such treatment also
increased the glycolytic and oxidative enzyme activi-
ties in the soleus and EDL muscles and the UCP3
protein content in the EDL muscle of rats. It is specu-
lated that at least several such adaptations with
AICAR treatment may be due to an increased PGC-1
protein content. On the other hand, the capillary net-
work, antioxidant enzyme activities, and myogenin
protein content may be independent of the AMPK
pathway.

MUSCLE CHARACTERISTICS WITH AICAR TREATMENT
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Abstract

The purpose of the present study was to investigate the relationship among intra-abdominal adipose storage, adaptation in the serum
leptin concentration and skeletal muscle enzyme activity after a 4-week energy restriction (ER). Thirty-one male Wistar rats were divided
into 40% energy restricted (n=24) or ad libitum-fed control (CL) rats (n = 7). The energy-restricted rats were grouped into the most fat
(MF, n=7), medium (1 10} and the least fat (LF, n=7) by their intra-abdominal fat pads mass (epididymal, mesenteric, and perirenal) after
ER. A superficial portion of M. gastrocnemius tissue obtained before and after the diet period were analyzed to determine the activities of
hexokinase (HK), B-hydroxyacyl CoA dehydrogenase (8-HAD) and citrate synthase {CS). Blood samples were also collected for a serum
leptin assay. At the baseline, no difference was found in either the leptin concentration or the enzyme activities among LF, MF and CL.
The serum leptin concentration was positively correlated with the muscle activities of B-HAD and CS, while it negatively correlated with
HK/B-HAD. After ER, the activities of HK, B-HAD and CS were all significantly lower in LF than in CL. Among the energy-restricted rats,
the intra-abdominal fat pad weight, leptin concentration and the activities of 8-HAD, CS, B-HAD/CS all significantly correlated with one
another. The changes in leptin and the activity of 8-HAD were also positively correlated. These findings indicate that parallel decreases in
the serum leptin and skeletal muscle enzyme activities with the energy restriction-induced intra-abdominal adipose reduction, thus may
suggest the leptin to have a regulative effect on the muscle enzyme activity during ER. © 2004 Elsevier Inc. All rights reserved.

Keywords: Energy restriction; Intra-abdominal adipose; Leptin; Muscle oxidative enzyme activity

1. Intreduction ' and plays important role in the consumption of carbohy-
drates and lipids. As a result, the metabolic characteristics
The association between the risk of chronic diseases, of such muscle has been investigated in both cross-sectional
including type 11 diabetes and coronary heart disease, and and longitudinal studies regarding its relationship with body
visceral adipose accumulation [1, 2], rather than subcutane- fat accumulation [7-13].
ous adipose accumulation [3-6), has well been recognized. Leptin, the adipose-derived hormone, has been shown to
The prevalence of these chronic metabolic diseases has regulate food intake and energy metabolism [14-18]. High
made it urgent to clarify the mechanism of visceral adipose correlations have been shown between plasma leptin and
storage and utilization. either the body mass index (BMI) [16, 19, 20] or the

Skeletal muscle represents more than 30% of body mass percentage of body fat [20, 21]. In the rodent skeletal

muscle, fatty acid oxidation can be enhanced by leptin
[22-25]. Leptin thus appears to play a protective role which

helps to inhibit further energy accumulation under energy-
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greater high-fat diet-induced intra-abdominal adipese accu-
mulation [26]. From the results of that study, we considered
that the adipose storage, as manifested by intra-abdominal
fat pads, might therefore induce the increase in serum leptin,
thus also increasing the oxidative potential. In other words,
the oxidative capacity of skeletal muscle might change in
parallel with the changes in both the intra-abdominal adi-
pose accumulation and serum leptin levels. However, little
is still known about the relationship between leptin and the
skeletal muscle metabolism under energy-insufficient con-
ditions. In the current study, we focused on the relationship
among the remnants of intra-abdominal fat deposition,
changes in the serum leptin concentration, and the skeletal
muscle enzyme activity after a 4-week ER. If the regulation
of the enzyme activity in skeletal muscle is regulated by the
serum leptin, then the decrease in leptin concentration ow-
ing to the consumption of adipose storage by ER should be
able to induce a comparable decrease in the skeletal muscle
enzyme activity.

2. Methods and materials

2.1. Animals

Male Wistar rats (n=31) at 15 weeks of age weighing
440.5 + 2.7g were used in this study. All rats were housed
individually under controlled conditions (12:12-hr light-
dark cycle and a 20°C room temperature) and given a
regular rat chow diet (Oriental Yeast Co. Tokyo Japan,
consisting of 12.9% fat, 26.6% protein, 60.5% carbohy-
drate, and 3.6 kcal/g) and water ad libitum. All experimental
procedures were conducted strictly in accordance with the
Guiding Principles for Research Involving Animals and
Human Beings.

2.2. Experimental protocol

At the beginning of the study, all rats were weighed and
anesthetized with pentobarbital sodium (50 mg/kg ip).
Blood samples were taken from the tail. The lateral side of
the right leg was shaved and then sterilized with 70%
ethanol. The skin was opened (~1 cm) with a blade, and
muscle samples (~100 mg) were obtained from the super-
ficial portion of M. gastrocnemius. All samples were imme-
diately frozen in liquid nitrogen and stored —80°C until
assayed. The skin was closed with stainless steel autoclips
and then the rats were injected with penicillin (2.5 mg/kg
im). After a 2-week recovery period, 24 randomly selected
rats underwent a 40% reduction of their baseline average
calorie intake (18g/day) for 4 weeks. The remaining 7 rats
continued to feed ad libitum as the control group. The body
weights were recorded once a week. After the 4-week ER
period, and an over-night fast (12 hr), all rats were weighed
and anesthetized with pentobarbital sodium (50 mg/kg ip).
The superficial potion of the M. gastrocnemius in the left leg
was dissected. The intra-abdominal fat pads (epididymal,
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mesenteric, and perirenal) were excised and weighed after
blood samples were taken.

2.3. Enzyme Assay

An enzyme assay was carried out in samples extracted
from the superficial portion of the M. gastrocnemius. The
activity of hexokinase (HK, key enzyme of glucose utiliza-
tion), B-hydroxyacyl CoA dehydrogenase (3-HAD, key en-
zyme of B-oxidation of fatty acids) and citrate synthase (CS,
key enzyme of tricarboxylic acid cycle) were spectrophoto-
metrically determined at 30°C according to previously es-
tablished techniques [27-29]. The coefficients of variation
for the enzyme assay were 1.8% for HK, 1.2% for 8-HAD
and 1.7% for CS by same sample repeated measurements.

2.4. Serum measurements

Serum leptin, glucose, free triiodothyronine (FT3) and
free fatty acid (FFA) concentration were measured before
and after ER. The leptin concentrations were assayed using
a sensitive commercially available radioimmunoassay kit
(Rat Leptin RIA, Linco Research Inc., St. Charles, MO,
USA) according to the manufacturer's instructions [30].
The assay lower limit of detection is 0.5ng/mL. The serum
glucose concentration was assayed using a glucose analyzer
(YSI 2300STAT, OH). The FT3 concentrations were as-
sayed using an automated chemiluminescent immunoassay
system {Advia Centaur, Bayer Medical Ltd., Tokyo, Japan).
FFA concentrations were assayed using an enzymatic de-
termination device {(Bio Majesty JCA-BM 1650, Japan Elec-
tron Optics Laboratory Co., Ltd., Tokyo, Japan),

2.5, Sratistical analysis

Among the energy-restricted rats, based on the weight of
the intra-abdominal fat pads, the data were divided into 3
groups: the 2 tertiles on both sides with the same number as
in the control group for the least fat (LF, n=7) and the most
fat (MF, n=T7), the 10 between LF and MF for medium. All
data were presented as the means * SE. To investigate the
relationship among intra-abdominal adipose, leptin, and
muscle enzyme activities, one-way ANOVA with post-hoc
comparisons made using the Tukey-Kramer test was as-
sessed only among the LF, MF and control (CL) groups, the
3 groups with a significant difference in intra-abdominal fat
pads (the medium group was not significantly different from
MF or LF when it was added to ANOVA). Differences in
the body weight, weight loss, intra-abdominal fat pads,
intra-abdominal fat pads/final body weight, enzyme activity,
serum leptin concentration, change in the enzyme activity
and leptin concentration among these 3 groups were as-
sessed in this way. Significant differences in the variables
were determined with a 5% significant criterion. Data from
the medium group were only used for analyses in all energy-
restricted rats, such as pre-post comparisons (using the
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Table 1

Effects of ER on the food intake and body composition

Food intake Body weight (g} Weight Intra-abdominal

@ Week 0 Week | Week 2 Week 3 Week 4 change (g) fat pads (¢)
CL(n=7) 7700 = 17.2 481.3 = 10.1 4986 * 113 509.4 £ 12.0 5269 * 116 5394 £ 134 369+ 44 186 =19
MF(n=T) 504.0 = 0.0* 4803 £ 82 44319 * 6.3* 43717 £ 5.2% 4357 £ 6.0 4374 £ 6.0* —42.9 + 8.3* 10.9 + 0.2+*
LE(n=7) 504.0 = 0.0* 486.1 £ 9.2 4519 £ 6.7* 4457 * 5.9* 440.7 = 5.0* 4380 % 59* —48.1 + 8.0*% 6.3 0.3

Values are the means = SE.
*Significantly different from CL, p < 0.05.
*Significantly different from LF, p<<0.05.

paired r-test) and correlation analyses, The correlations at
baseline were analyzed using the data from all rats before
ER. The correlations after ER or concerning changes in
variables were analyzed in either energy-restricted or CL
rats, respectively. Correlations were considered significant
only when the P-value was less than 0.05. All statistical
analyses were performed using StatView 5.0 software (SAS
Institute, Cary, NC).

3. Results

3.1. Food intake and body composition

The total food intake, body weight, weight change and
intra-abdominal fat pad weight are presented in Table 1.
During the 4-week ER period, the food intake in CL was
totally 770 * 17g. Although energy-restricted groups were
restricted to 60% (18g/day) of their baseline intake at the
beginning of the ER period, their total intake (504g) con-
sequently reached about 65% that of the CL. Significantly
much food was consumed by CL than by the energy-re-
stricted groups of rats.

CL had a higher body weight than LF or MF after the
first week of ER (P < 0.05). This significant difference
persisted for the remainder of the dietary restriction period.
No significant difference was observed between LF and MF
at either time point. The changes in body weight were not
different between LF and MF whereas those of CL were
higher than those of LF and MF (P < 0.03).

The epididymal, mesenteric, and perirenal fat pads were
measured and the total intra-abdominal fat pad weight was
determined in this study. The energy-restricted rats were
divided into LF, medium or MF groups based on this cri-
terion. The ranges of the intra-abdominal fat pad weight
were 13.75 to 27.70g for CL, 9.91 to 11.59g for MF, 8.15 to
9.77g for medium, and 4.87 to 7.26g for LF. The rank order
(CL > MF > LF) of the intra-abdominal fat pads or intra-
abdominal fat pads/final body weight showed significant
differences between all 3 groups (P < 0.05).

3.2. Muscular enzyme activity

The enzyme activities in the superficial portion of the M.
gastrocnemius tissue obtained before and after the diet pe-
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riod are shown in Fig. 1. Before ER, no significant differ-
ences were seen between LF, MF and CL. After ER, the
activities of HK, S-HAD, and CS were all significantly
lower in LF than in CL (P < 0.05). When the medium
group, which was not analyzed by ANOVA, was evaluated
together with MF and LF, enzyme activities of HK, 8-HAD,
and CS in energy-restricted rats were found to significantly
decrease, and the enzyme activities showed the following
rank order: CL > MF > medium > LF after ER.

3.3. Fasting serum values

The fasting serum leptin, glucose, FT3, FFA concentra-
tions are shown in Table 2. Before ER, there was no sig-
nificant difference among LF, MF and CL. The serum leptin
concentration decreased in all of the energy-restricted
groups while it increased in CL during the experimentat
period. After ER, the serum leptin concentration was sig-
nificantly lower in LF than in CL. The rank order of the
leptin level among all groups after ER was CL > MF >
medium > LF. No significant differences were found in the
glucose, FT3 or FFA concentrations before or after ER
between LF, MF and CL. The changes in the glucose, FT3
or FFA concentrations were not significant between LF, MF
or CL.

14 5 OCL
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Fig. 1. Enzyme activities of HK, B-HAD and CS. *Significantly different
from the activity in 'CL after ER.
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Table 2
Fasting serum values in the CL, MF and LF rats

Glucose (mg/dl) Leptin (ng/ml) FT3 (pg/ml) FFA (mEqg/l)

Pre Post Pre Post. Pre Post Pre Post
CL(n=T7) 112.3>26 1130 £ 36 3005 4406 33+0l1 3002 0.7=0.1 0.6 = 0.1
MF(n=6) 1169 *+59 1185 =43 3707 3305 34 %02 jo=xol 05 +0.1 04 =00
LF(n=5, 7} 109.1 £ 2.8 1160+ 24 1.7 £0Q.1 13x£01* 300l 27*01 06*00 05+00

Values are the means = SE.
*Significantly different from CL.

3.4. Correlation analysis

Before ER, the serum leptin concentration correlated
positively with the activities of B-HAD (r = 0570, P <
0.01, Fig. 2A) and CS (r = 0.630, P < 0.01), but negatively
with HK/B-HAD (r = -0.396, P < 0.05), which is an
indicator of the fat oxidation capacity. No significant
correlation was found regarding the HK activity (r =
0.189, P = 0.34) or B-HAD/CS (r = 0.234, P = 0.23)
(n=28).

After ER, correlations were made in energy-restricted or
CL rats, respectively. Significant positive correlations with
intra-abdominal fat mass were observed regarding the ac-
tivities of B-HAD (r = 0.550, P < 0.01} and CS (r = 0.409,
P < 0.05), and B-HAD/CS (r = 0.465, P < 0.05) in
energy-restricted rats (n=24) but not in CL (n=7). In en-
ergy-restricted rats {#=21), the serum leptin concentration
correlated positively with the intra-abdominal fat pads (r =
0.718, P < 0.01), the activities of HK (r = 0.546, P <
0.01), B-HAD (r = 0.700, P < 0.01, Fig. 2B) and CS (r =
0.513, P < 0.05), as well as B-HAD/CS (r = 0.586, P <
0.01). The changes in the serum leptin concentration and the
activity of B-HAD also correlated significantly (r = 0.432,
P < 0.05, Fig. 2C). In the CL rats (2=T), the leptin con-
centration correlated positively with the intra-abdominal fat
(r = 0.836, P < 0.05).

4. Discussion

In the current study, we compared MF, LF and CL, the
three groups of rats with a significant difference in the
intra-abdominal adipose pads. Other differences among
these rats in skeletal muscle or blood variables were ex-
pected to clarify their roles in the adaptation to energy
restriction, especially regarding the change in intra-abdom-
inal adipose fat.

Energy-restricted rats took in a total amount of 1814.4
kcal from chow. This was 957.6 kcal less than what the CL
rats took and corresponded to approximately 106.4 g adi-
pose tissue. In fact, the LF rats lost 48.1 g, while the MF rats
lost 42.9 g of body weight. Regarding the caloric intake of
the CL rats as the standard, the smaller loss of body weight
(nearly 40%?) than would normally be expected is due to the
fact that the energy-restricted rats exhibited a resistance to
weight loss. Significant correlations were found between
intra-abdominal fat, leptin and muscle enzyme activities in
energy-restricted rats, i

Before ER, there was no difference in the leptin concen-
tration or muscular enzyme activity among LF, MF and CL..
However, after ER, LF showed a lower serum leptin con-
centration and lower muscle enzyme activities than CL.
Regarding the CL rats, LF had a relatively greater adapta-
tion in both serum leptin concentration and enzyme activity
in skeletal muscle than MF under an energy-insufficient

— /‘\11 ’g E
C 0] A © 2
2 18 ' 2 10 RS ¢
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Fig. 2. Correlation between the serum leptin concentration and the activity of 8-HAD in all rats {n = 28) before ER (A). Correlation between the serum leptin
concentration and the activity of 8-HAD in energy-restricted rats (n = 24) after ER (B). Correlation between the changes in serum leptin concentration and

the activity of S-HAD (C) in energy-restricted rats {(n = 21) after ER.
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condition. The decreased leptin concentration observed ow-

ing to the consumption of adipose storage, manifested by .

intra-abdominal adipose in this study, was accompanied
with a parallel decrease in the skeletal muscle enzyme
activities. To our knowledge, this is the first report concern-
ing the relationship between the serum leptin concentration
and the skeletal muscle enzyme activity.

Before ER, these rats had a relatively higher serum leptin
concentration and also a higher activity of skeletal muscle
enzyme activity due to the free access to food. During the
ER, the consumption of adipose storage, such as in the
intra-abdominal adipose pads, caused a comparable descent
of leptin. When the leptin level dropped, the muscle enzyme
activity began to decline from the relatively higher level of
the baseline. This is supported by the fact that the leptin
concentration correlated with the muscle enzyme activities
(except pre HK) both at the baseline and in the energy
restricted rats after the ER. Taken together, these findings
demonstrate an adaptive effect to cope with the metabolic
balance with a restricted energy intake to prevent any fur-
ther energy consumption or weight loss.

In rodent skeletal muscle, leptin has shown regulative
effect on fatty acid oxidation [22-25] or expression of
peroxisome proliferator-activated receptor y-coactivator 1
(PGC-1) [31), the co-activator that promates mitochondrial
biogenesis and cooperates in transcriptional control of nu-
clear genes encoding mitochondorial fatty acid oxidation
enzymes [32-34]. Together with the significant correlation
found in the current study between the ER-induced changes
in serum leptin concentration and in 8-HAD in energy-
restricted rats, although there is no direct evidence for cau-
sality, leptin thus play a putative role in regulating the
activity of skeletal muscle enzymes, especially oxidative
enzymes.

In summary, the present study demonstrated a lower
leptin concentration and enzyme activity of the skeletal
muscle in rats who had less remaining of intra-abdominal
fat after a 4-week ER in comparison to CL rats. These
findings indicate that skeletal muscle enzyme activity, es-
pecially oxidative enzymes, adapted to ER in a parallel way
to that of intra-abdominal adipose consumption. Together
with similar findings from another study based on a high-fat
diet [26], leptin is therefore considered to play a regulative
role in this process. It is possible that the change of adipose
storage induces an adaptation in the serum leptin concen-
tration and then the change in leptin causes the mitochon-
drial enzyme activity in skeletal muscle to adapt in a parallel
way. This adaptation occurs in the early stage of diet change
and has a significantly positive protective effect on the body.
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