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We investigated the effects of aging and denervation on the gene expression of uncou-
pling proteins (UCPs) in slow-twitch soleus and fast-twitch gastrocnemius muscles. In a
comparison between the control limbs of 6- and 24-month-old rats, the mRNA levels of
UCP3, heart-type fatty acid binding protein (HFABP), and glucose transporter-4
(GLUT4) were considerably lower in the gastrocnemius muscles of the older rats,
whereas no significant differences in the mRNA levels of those genes as well as UCP2
and cytochrome oxidase subunit IV (COX-IV) were observed in the soleus muscles of
young and old rats. The UCP3 and COX-IV protein levels were also reduced consider-
ably in the aged gastrocnemius muscles with atrophy. Denervation of the sciatic nerve
caused an increase in UCP3 mRNA levels in both muscles, but the regulation of other
genes contrasted between the two types of skeletal muscles. In spite of the increased
mRNA level, a remarkable reduction in UCPS protein was found in the denervated gas-
trocnemius muscles. These results indicate that the effects of aging and denervation on
the gene expression of UCPs, HFABP, GLUT4, and COX-IV are different between the
muscle types. The reduction in the mitochondrial UCP3 and COX proteins in aged fast-
twitch muscles may have a negative effect on energy metabolism and thermogenesis in
old HTiimnln-
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Mitochondrial uncoupling proteins (UCPs), which have the
potential to dissipate caloric energy as heat by uncoupling
oxidative phosphorylatdon, are thought to play important
roles in energy metabolism and thermogenesis (1). UCP1 is
expressed in brown fat and is crucial for tolerance to cold
(2). UCP2 and UCP3 are expressed ubiquitously and pref-
erentially in muscle and brown fat, respectively (3, 4). A
number of studies have shown the roles of UCP2 in lipid
metabolism (5), the generation of reactive oxygen species
(6), and the regulation of insulin secretion (7). Likewise, a
recent study using mice overexpressing UCP3 in skeletal
muscles provided evidence for the roles of UCP3 in energy
metabolism, especially in glucose homeostasis (8). The data
from that study also indicated that one UCP3 function is
connected intimately with thermogenesis, because the mus-
cle temperature was higher in the UCP3 transgenic mice.
In the mitochondria of skeletal muscles, the use of two
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major energy substrates other than phosphorylcreatine,
glucose and fatty acids, differs between muscle fiber types
(9) and depends on the dominant action of glucose trans-
porter-^: (GLUT4) (10) or heart-type fatty acid binding pro-
tein (HFABP) (11) expressed in the muscle.

The atrophy of skeletal muscles with dysfunction in the
aging process, referred to as sarcopenia, is a general phe-
nomenon and seems to originate from a decline in neuronal
control or malnutrition (12). The muscle dysfunction resluts
not only in inactivity but also probably a decrease in energy
expenditure and/or impaired cold tolerance, because skele-
tal muscle, the biggest organ in the body, plays crucial roles
in energy metabolism and thermogenesis. The dissipation
of the mitochondrial proton gradient in skeletal muscles
has been reported to reach 50% of the resting metabolic
rate (13). The capacity for thermogenesis also tends to be
attenuated with age (14). The muscle dysfunction with
aging may contribute to increased adiposity and decreased
cold tolerance, although the intolerance to cold in aged ani-
mals may be explained in part by the decline in UCP1 ther-
mogenic ability (25) and the alteration in the inducibility of
UCP genes in brown fat with aging (16). Most recently,
Barazzoni and Nair demonstrated that UCP2 and UCP3
expression in rat fast-twitch gastrocnemius muscle changes
with age (17); however, the regulation of UCPs in the aging
skeletal muscles remains to be understood.

Muscle denervation has been used as a model of muscle
immobility and atrophy to study the molecular mechanism
regulating muscle activity. Dramatic changes occur in the
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morphological and biochemical properties of skeletal mus-
cles after dissection of the motor nerve (18, 19). Some of
these changes are thought to be associated with a remark-
able change in energy metabolism in the immobilized mus-
cles. Thus, it is worthwhile to study the regulation and role
of UCPs in muscle atrophy induced acutely by denervation
as well as that induced chronically by aging. To date, two
groups have reported changes in UCP2 and UCP3 gene
expression in gastrocnemius muscles following denerva-
tion, but the results were opposite between mice and rats
(20, 21). In addition, there is no information about the ef-
fects of aging and denervation on the regulation of UCP ex-
pression in slow-twitch oxidative muscles.

Here, we report the regulation of UCP2 and UCP3 ex-
pression, as well as the gene expression of GLUT4, HFABP
and cytochrome oxidase subunit IV (COX-IV) in two kinds
of skeletal muscle, each having a different fiber type, from
aged and denervated rats.

MATERIALS AND METHODS

Animals—Male young (6-month-old) and old (24-month-
old) F344/N rats were obtained from the aging farm of the
National Institute for Longevity Sciences (NILS). Rats
were kept in cages at 23°C under controlled conditions with
a 12-h:12-h light-dark cycle and consumed a regular chow
diet and tap water ad libitum. Animal care and all experi-
ments were carried out according to the institutional guide-
lines of NILS. The animals were anesthetized with pen-
tobarbital sodium, after which denervation of the left hind-
limb was carried out through the sciatic nerve section as
previously described (18). The contralateral limb was used
as the control. We did not perform a sham operation on the
contralateral limb, because there was no difference in
mRNA and protein levels of the genes examined in the
present study between rats undergoing and not undergoing
the sham operation in a preliminary experiment. One week
after surgery, the rats were killed by decapitation. Soleus
(slow-twitch, oxidative) and white gastrocnemius (fast-
twitch, glycolytic) muscles were dissected carefully and
used immediately for the isolation of RNA or mitochondria.
Some parts of the gastrocnemius muscles were stored in
liquid nitrogen for later analysis of chemical components.
Ariano et al. have reported that rat soleus and gastrocne-
mius muscles consist of about 84% slow-twitch and 95%
fast-twitch fibers, respectively (9), although the percent dis-
tribution of the two fiber types in gastrocnemius muscles is
similar in normal humans. The major fiber type of the gas-
trocnemius muscles used was confirmed to be fast-twitch
by immunohistological analysis (data not shown).

Determination of Chemical Components—For the deter-
mination of triglyceride and free fatty acid contents, tissue
blocks were placed in glass tubes, and the lipid components
were extracted with 2:1 (v/v) chloroform:methanol accord-
ing to the method of Marshall et al. (22). The organic phase
was evaporated under negative pressure, leaving a clearly
visible lipid film at the bottom of the tube. The film was
resuspended carefully in the reaction mixture provided
with the kits for the determination of triglyceride or free
fatty acids (Wako, Japan). The determination of glycogen in
skeletal muscles was performed as previously described
(23).

Northern Blot Analysis—Total RNA (15 or 20 jig per

lane), isolated from the soleus and gastorocnemius muscles
using the Trizol reagent (GIBCO BRL, USA), was analyzed
by Northern blotting as described previously (2). Blots were
hybridized successively with probes Qabeled with [a-32?]-
dCTP) for the mRNAs of UCP2 (2), UCP3 (16), HFABP,
GLUT4, COX-IV, and 18S rRNA (2). The cDNA probes for
HFABP, GLUT4, and COX-IV mRNAs were produced from
positions 7 to 459 of the rat HFABP nucleotide sequence
(GeneBank accession no. M18034), from positions 765 to
1304 of the rat GLUT4 sequence (GeneBank accession no.
J04524) and from positions 17 to 501 of the rat COX-IV
sequence (GeneBank accession no. X15029), respectively, by
a reverse transcription PCR technique. The PCR products
were sequenced after subcloning into the pCRII vector (TA
Cloning KIT, Invitrogen, CA). Hybridization signals were
quantified by a Fuji Bioimage Analyzer. 18S rRNA was
used to normalize variability in RNA loading, because the
mRNA levels of p-actin and glyceraldehyde-3-phospate de-
hydrogenase were decreased significantly by denervation
(data not shown).

Immunodetection of UCP3 and COX-IV Proteins—To
examine the changes in the protein levels of UCP3 and
COX-IV, we analyzed the mitochondrial and cytosolic pro-
teins recovered from the soleus and gastrocnemius muscles
by the Western blot method (24). Mitochondria were iso-
lated from the muscles as previously described (25). The
protein concentration of the samples was determined by
the method of Bradford (BIO-RAD, USA). Mitochondrial
proteins (10 jig) were separated on 5-20% acrylamide gel
gradients and transferred onto polyvinylidene difluoride
membranes (Immobilon; MTT.T.TPORF., USA). UCP3 and
COX-IV proteins were detected with affinity-purified rabbit
polyclonal antibodies specific for UCP3 (STRATAGENE,
USA) and a monoclonal antibody specific for COX-FV
(Molecular Probes, USA) using an ECL detection system
(Amarsham Pharmacia Biotech, UK). A specific signal for
UCP3 was detected in the skeletal muscles, but not in liver,
fat tissue, or spleen (data not shown). The UCP3 and COX-
IV signals were quantified by Image Gauge ver. 3.3 (FUJI
PHOTO FILM, Tokyo).

Statistical Analysis—The statistical significance of the
data was assessed by ANOVA (Bonferroni/Dunn, Statview
5.0).

RESULTS

Effects of Aging and Denervation on Muscle Compo-
nents—As shown in Table I, the tissue mass of the control
soleus muscles was greater in the old rats than in the
young ones, whereas there was no difference in the mass of
control white gastrocnemius muscles between the young
and old rats. On the other hand, the muscle tissue/body
mass ratios were significantly lower in the old rats than in
the young rats (8.6 and 22.8% decreases in soleus and gas-
trocnemius muscles, respectively, in the old rats), suggest-
ing a tendency for sarcopenia to occur, especially in the
gastrocnemius muscles of the old rats. The sectioning of the
sciatic nerve resulted in atrophy of the skeletal muscles as
previously reported elsewhere (19). Seven days after, dener-
vation, a marked decrease in tissue mass was observed in
both soleus and gastrocnemius muscles of the old rats (72.7
and 84.7% of control limbs, respectively), as well as in the
muscles of the young rats (75.7 and 78.8% of control limbs,
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respectively). Protein contents in the mitochondria from the
gastrocnemius muscles, but not from the soleus muscles,
were decreased by denervation, suggesting decreases in
mitochondrial function and oxidative capacity in fast-twitch
muscles. There was no significant difference in the mito-
chondrial protein contents of either muscle between the
young and old rats.

Several biochemical parameters in the gastrocnemius
muscles were then measured to see whether metabolic

changes occurred in the muscles atrophied by age and den-
ervation. The level of non-esterified fatty acids in the con-
trol limbs was significantly higher in the old rats than in
the young rats, whereas the level was not changed by den-
ervation. There was no significant difference in -triglyceride
level between the control and denervated limbs, !although
the level in the control limbs tended to be higher in the old
rats than in the young rats (p = 0.1). Glycogen levelsiin the
muscles did not change with age; however, the level was

TABLE I. Effects of denervation on the tissue mass and chemical components of rat skeletal muscles.

Body mass (g)
Soleus muscle

(mg)
(mg/kg body mass)

Mitochondrial protein
(mg recovered)
(mg/g tissue)

Gastrocnemius muscle
(g)
(g/kg body mass)

Mitochondrial protein
(mg recovered)
(mg/g tissue)

Non-esterified fatty acid
(|iEo/g tissue)

Triglyceride
(mg/g tissue)

Glycogen
(mg/g tissue)

Young rats

Control (R)

351 ± 9 (

118 ± 4 (re = 10)
337 ± 8 (re = 10)

0.38 ± 0.03 (re = 5)
3.16 ± 0.22 (re = 5)

1.75 ± 0.05 (re = 10)
4.99 ± 0.06 (re = 10)

1.16 ± 0.10 (re = 10)
0.68 ± 0.07 (re = 10)

0.84 ± 0.04 (re = 5)

6.36 ± 0.09 (re = 5)

5.44 ± 0.18 (re = 5)

Denervation (L)

,n = 10)

8 9 ± 4 b

255 ± 1011

0.32 ± 0.04
3.80 ± 0.43

(re = 10)
(n = 10)

(re = 5)
(re = 5)

1.38 ± 0.03b (re = 10)
3.93 ± 0.06*1

0.68 ± 0.15c

0.49 ± 0.10

0.87 ± 0.06

8.00 ± 2.76

6.52 ± 0.28

(re = 10)

(re = 10)
(re = 10)

(re = 5)

(re = 5)

(re = 5)

Old rats
Control (R)

132 ± y
308 ±&

0.37 ± 0.03
2.79 ± 0.20

1.65 ± 0.04
3.85 ± 0.10b

0.93 ± 0.14
0.56 ± 0.08

1.35 ± 0.21d

11.74 ± 2.02

• 5.63 ±0.33

430 ± 7 ' (re

(re = 9)
(re = 9)

(re = 4)
(re = 4)

(re = 9)
(re = 9)

(re = 9)
(re = 9)

(re = 9)

(re = 9)

(re = 9)

Denervation (L)

= 9)

96 ± P (re =
224 ± 6b (re =

0.30 ± 0.04 (re =
3.11 ± 0.35 (re =

1.40 ± 0.03b (n =
3.26 ± 0.0611 (re =

0.66 ± 0.10 (re =
0.48 ± 0.07 (n =

1.16 ± 0.11 (re =

9.51 ± 2.18 (re =

8.53 ± 0.89* (re =

9)
9)

4)
4)

9)
9)

9)
9)

9)

9)

9)
The left hindlimbs (L) of rats were denervated and the right limbs (R) served as
vs. young rats, ""p < 0.001 vs. young or old control, *p < 0.01 vs. young control, dp <

controla Values are expressed as means ± SE. 'p < O.001
0.05 vs. young control, °p < 0.01 us: old control.

Young
Control (R) Denervalion (L)

Rat# 1 2 3 4 5

UCP2 • * •
UCP3

COX-IV

HFABP

GLUT4 P

18S rRNA

2 3

Old
Control (R) Denervation (L)

1 2 3 4 5
Iff*

UCP2 UCP3

m
Yam,

COX-IV

8 ..

YOUJJJ

HFABP GLUT4

Younj

Fig. 1. Effects of denervation on the expression of UCPs, COX-IV,
HFABP, and GLUT4 genes in the soleus muscles of young and
old rats. Northern blot analyses using total RNA (15 ng) from soleus
muscles were performed as described in "MATERIALS AND METH-
ODS." The left hindlimb (L) was denervated and the right limb (R)

served as a control. The relative mRNA levels of UCPs, COX-IV,
HFABP, and GLUT4 are expressed as means ± SE (re = 5 for young
and old rats). Statistical differences are shown as 'p < 0.05, "p < 0.01,
and *"> < 0.001.
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increased significantly (1.5-fold) in the old rats by denerva-
tion.

Changes in Gene Expression in Skeletal Muscles with
Aging and Denervation—Next we examined the mRNA lev-
els of UCP2, UCP3, COX-IV, HFABP, and GLUT4. No sig-
nificant differences in the levels of the mRNAs encoded by
the 5 genes were observed in the soleus muscles of control
limbs from the young and old rats (Fig. 1). In the control
gastrocnemius muscles, however, the mRNA levels of
UCP3, HFABP, and GLUT4 were considerably lower (47.5,
34.4, and 27.4%, respectively) in the old rats than in the
young rats (Fig. 2). We could not detect any change in the
UCP2 mRNA level in the muscles of the old rats, although
Barazzoni and Nair recently reported increased UCP2 ex-
pression in gastrocnemius muscles from 27-month-old rats

an
Denervation had a profound effect on gene expression in

the skeletal muscles, but the effect was different between
the young and old rats. In the soleus muscles (Fig. 1), the
UCP3 mRNA level increased 3.6- and 2.5-fold by denerva-
tion in the young and old rats, respectively, although the
UCP2 mRNA level did not change significantly in either
group. In contrast, the HFABP mRNA level was decreased
by denervation to 44.3 and 13.6% of the control level in the
young and old rats, respectively. Likewise, the GLUT4
mRNA level was reduced to 65.7 and 28.3% of the control
level in the young and old rats, respectively, by denerva-
tion. There was no significant effect of denervation on the
COX-IV mRNA level in the young rats, whereas the mRNA

level was reduced to 32.6% of the control level in the old
rate. In gastrocnemius muscles (Fig. 2), denervation re-
sulted in an increase in the UCP2 mRNA level of 3.0- and
2.3-fold in the young and old rate, respectively, and in the
UCP3 mRNA level of 2.6- and 3.6-fold in the young and old
rate, respectively. There was no effect of denervation on the
gene expression of HFABP in the young rats, but the
mRNA level in the old rate was increased 1.5-fold, which is
the opposite of the response in aged soleus muscles. The
GLUT4 mRNA level was reduced to 46.3 and 48.9% of the
control level in the young and old rats, respectively, follow-
ing denervation. There was no effect of denervation on the
gene expression of COX-IV in the young and old rate. We
also examined the gene expression in skeletal muscles 3
days following denervation, but the results were similar to
those at 7 days (data not shown).

Regulation of UCP3 and COX-IV Protein Levels in the
Mitochondria of Skeletal Muscles of Young and Old Rats
After Denervation—We detected UCP3 and COX-IV pro-
teins in mitochondria recovered from rat skeletal muscles.
No signal for UCP3 was detected in the cytosolic fraction of
the muscles (data not shown). There was no difference in
the UCP3 protein level in the mitochondria of the control
soleus muscles between the young and old rate (Fig. 3),
whereas in the mitochondria of the control gastrocnemius
muscles, the UCP3 protein level of the old rats was about
half of that of the young rate (Fig. 4). Because the protein
content (mg/g tissue) in mitochondria from the gastrocne-
mius muscles, but not in those from the soleus muscles,

Young
Control (R) Denervation (L)

Rat # 1 2 3 4 5 1 2 3 4 5

UCP2
UCP3

COX-IV

Old
Control (R) Denervation (L)

UCP2 UCP3 cox-rv HFABP GLUT4

Younj Young Younj Younf

Fig. 2. Effects of denervation on the expression of UCPs, COX-IV, limb (R) served as a control. The relative mRNA levels of UCPs, COX-
HFABP, and GLUT4 genes in the gastrocnemius muscles of IV, HFABP, and GLUT4 are expressed as means ± SE (n = 5 for young
young and old rats. Northern blots using total RNA (20 |xg) from and old rats). Statistical differences are shown as 'p < 0.05, "p < 0.01,
gastrocnemius muscles were performed as described in "MATERIALS and ~p < 0.001.
AND METHODa" The left hindlimb (L) was denervated and the right
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was lower in the denervated limbs than in the control limbs
(Table D, the total UCP3 protein level in the denervated
gastrocnemius muscles is considered to be much lower than
that in the control. The COX-IV protein levels in the soleus
and gastrocnemius muscles of the control limbs were signif-
icantly lower (25.3 and 44.9% decreases, respectively) in
the old rats than in the young rats. As a result, the UCP3/
COX-IV protein ratio of the old rats was higher in the
soleus muscles and much lower in the gastrocnemius mus-
cles compared with the ratios in the young rats (Figs. 3 and
4).

Denervation remarkably changed the protein levels of
UCP3 and COX-IV in the mitochondria of skeletal muscles.

In the soleus muscles (Fig. 3), the UCP3 protein level in the
young rats was decreased 21% compared with the control
level, whereas there was no effect on the level in the old
rats. The COX-IV protein levels in the young and old rats
were decreased 11.3 and 28.8%, respectively, compared
with the control levels. The ratio of UCP3/COX-IV protein
in the mitochondria from the soleus muscles of the young
rats did not change substantially, but increased signifi-
cantly in mitochondria from old rats (Fig. 3). In the gastroc-
nemius muscles (Fig. 4), the UCP3 protein levels in the
young and old rats were decreased 63.2 and 34.9%, respec-
tively, compared with the control levels. The COX-IV pro-
tein levels in the young and old rats were also decreased,

Young

R a l *
Control (R) Denervation (L)

2 3 4 5 1 2 3 4 5

Old
Control (R) Denervation (L)
1 2 3 4 1 2 3 4

UCP3

COX-IV

UCP3 cox-rv

kd
— 32.5

— 16.5

UCP3/COX-IV ratio

Denervation - +

Young

Fig. 3. Western blot analysis
for UCP3 and COX-IV in so-
leus muscles. Mitochondrial
proteins (10 \ig) isolated from
the soleus muscles of young and
old rate were analyzed as de-
scribed in "MATERIALS AND
METHODS." The left hindlimb
(L) of rats was denervated and
the right limb (R) served as a
control. Relative protein levels of
UCP3 and COX-IV, and the ratio
of UCP3/COX-IV proteins are ex-
pressed as means ± SE (young
rate: n = 5; old rats: n = 4). Sta-
tistical differences are shown as
'p < 0.05, "p < 0.01, and ***p <
0.001.

Old Old

Young
Control (R) Denervation (L)

Rat#l 2 3 4 5 1 2 3 4 5

Old
Control (R) Denervation (L)

2 3 4 5 1 2 3 4 5

UCP3

COX-IV

UCP3

ec o
Denervation -

— 32.5

— — 16.5

kd

cox-rv UCP3/COX-IV ratio

Young Young Old Young Old

Fig. 4. Western blot analysis for
UCP3 and COX-IV in gastrocne-
mius muscles. Mitochondrial pro-
teins (10 |xg) isolated from the gas-
trocnemius muscles of young and old
rats were analyzed as described in
"MATERIALS AND METHODS." The
left hindlimb (L) of rats was dener-
vated and the right limb (R) served as
a control. Relative protein levels of
UCP3 and COX-IV, and the ratio of
UCP3/COX-IV proteins are expressed
as means ± SE (young rate: n = 10; old
rate: n = 9). Statistical differences are
show as 'p < 0.05, "p < 0.01 and ***p <
0.001.
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33.0 and 42.6%, respectively, compared with their control
levels. The ratio of UCP3/COX-IV protein in mitochondria
obtained from the denervated gastrocnemius muscles was
significantly decreased in the case of the young rats, but
did not change in the case of the old rats.

DISCUSSION

Skeletal muscle is one of most important organs involved in
energy homeostasis and thermogenesis, the functions of
which are known to be attenuated with age (12) or to be
impaired by the bisection of motor neurons innervating the
muscles (26). likewise, muscle atrophy is induced chroni-
cally (sarcopenia) or acutely with aging or denervation,
respectively. In this context, we studied the effects of aging
and denervation on the gene expression of UCPs, COX-IV,
HFABP, and GLUT4 in skeletal muscles, because these
proteins are considered to act essentially in energy metabo-
lism and in thermogenesis (1, 5, 8, 10, 11). It was of partic-
ular importance in the present study to examine whether
those genes are regulated differentially in two different
muscle types, Le., slow-twitch oxidative and fast-twitch gly-
colytic muscles. In the present study, the mRNA levels of
UCP3, HFABP, and GLUT4 decreased considerably in the
gastrocnemius muscles with age, whereas no significant
difference in the mRNA levels of these 5 genes was ob-
served in the soleus muscles of the control limbs between
young and old rats, suggesting the attenuated translation
and/or stability of genes involved in energy metabolism in
aged fast-twitch muscles. The decreases in several genes in
the aged gastrocnemius muscles are in agreement with the
observations of the gene expression profile by Lee et al. (27)
that aging results in a differential gene expression pattern
indicative of a marked stress response and lower expres-
sion of metabolic genes in mouse gastrocnemius muscles.
Similar patterns at the protein level were confirmed for the
UCP3 protein in mitochondria recovered from the soleus
and gastrocnemius muscles of the control limbs, although
COX-IV protein levels decreased in both muscle types with
age. Our results on the age-related change in UCP3 expres-
sion in gastrocnemius muscles are similar to those of
Barazzoni and Nair (17), although we could not detect a
significant increase in the UCP2 mRNA level in aging fast-
twitch muscles. The three-month difference in rat age used
between our study (24-month-old) and their study (27-
month-old) might affect the results, because the mortality
rate of rats increases markedly from about 50 to 75% dur-
ing this period (28), suggesting a decline in the vital condi-
tion of rats. Shivering thermogenesis in skeletal muscles is
an important part of homeothermy. In view of the domi-
nant expression of UCP3 in skeletal muscles and the in-
crease in muscle temperature in UCP3 transgenic mice (8),
it is likely that the decrease in UCP3 expression in the fast-
twitch muscles with aging is associated with the decline in
cold tolerance seen in old animals, although the lack of
brown fat non-shivering (UCP1) thermogenesis may be the
principle factor in the mechanism (15, 29). COX plays a
pivotal role in energy transfer in complex IV of the respira-
tory chain, and its activity is thought to reflect mitochon-
drial oxidative ability (30). In our study the decrease in
COX-W protein level in the mitochondria of skeletal mus-
cles from old rats was also greater in the gastrocnemius
muscles than in the soleus muscles. Recently, Huppertz et

al. demonstrated that UCP3 stimulates glucose transport
and GLUT4 translocation to the skeletal muscle cell sur-
face by activating a phosphoinositide 3-kinase-dependent
pathway (31). In addition, since mice that overexpress
UCP3 in their skeletal muscles have an increased glucose
clearance rate and strikingly reduced fat deposition (8), it is
conceivable that the reduced expression of UCP3 and
GLUT4 in the fast-twitch glycolytic muscles with age could
cause impaired glucose tolerance and then lipid accumula-
tion. In fact, the contents of non-esterified fatty acids and
triglycerides in the gastrocnemius muscles tended to in-
crease in the old heavier animals; however, a contribution
of the decreased HFABP expression to the increase in lipid
content can not be ruled out, because HFABP is crucial for
fatty acid utilization by transporting them to mitochondria
from the plasma membrane (32).

Recently the effect of denervation on the levels of the
UCP2 and UCP3 mRNAs in the gastrocnemius muscles of
mice and rats was reported (20, 21). Our results for gastroc-
nemius muscles are consistent with those of the rat experi-
ments (21). We also found that denervation has profound
effects on gene expression, chemical components, and mito-
chondrial oxidative capacity in skeletal muscles, but the
effects differ in their fashion and magnitude between slow-
and fast-twitch muscles and between young and old rats.
Especially, the regulation of UCP2, COX-IV, and HFABP
gene expression in the two muscle types contrasts and the
downregulation of the genes examined was greater in the
aged soleus muscles. These results suggest a functional dif-
ference in energy metabolism between fast- and slow-
twitch muscles under denervated conditions. Nevertheless,
the effect of denervation on the decreases in the UCP3 and
COX-IV protein levels was greater in the gastrocnemius
muscles than in the soleus muscles. We can not explain the
discrepancy between the mRNA and protein levels in the
denervated muscles, but it may result from changes in
transcriptional regulation and/or the protein degradation
system (Ub-proteasome/lysosome) in the atrophied muscles.
There also might be a contribution of other cell types, such
as interstitial cells, in the change in gene expression in the
atrophied muscles. If the change in the UCP3/COX-IY ratio
in skeletal muscles indicates an imbalance of energy dis-
pensation, the decrease in the UCP3/COX-IV ratio seen in
the denervated fast-twitch muscles of the young rats might
be a defensive response to maintain ATP levels for tissue
survival. On the other hand, the increase in this ratio in
the denervated slow-twitch muscles of the old rats could be
a compensatory response to the attenuated thermogenic
ability of the fast-twitch muscles. The results also suggest
an increased dependency on the slow-twitch oxidative mus-
cles under inactive conditions. The high susceptibility of
fast-twitch glycolytic muscles to an inactive condition
seems to be reasonable, because the animals can not move
their denervated legs quickly and powerfully, meaning dis-
use of the fast-twitch muscles. The slow-twitch muscles are
probably more important for guaranteeing the minimum
use of the crippled legs.

Thus, our data indicate that the transcriptional or trans-
lational regulation of UCP2, UCP3, HFABP, GLUT4, and
COX-IV in the process of aging or muscle atrophy by dener-
vation is quite different between the fast-twitch glycolytic
muscles and the slow-twitch oxidative muscles. The present
data also indicate that the age-dependent decline in the
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functions of energy metabolism and thermogenesis is more
severe in fast-twitch glycolytic muscles than in slow-twitch
oxidative muscles. In particular, the notable reduction in
the level of the UCP3 protein in the atrophied fast-twitch
muscles with age strongly suggests decreased metabolic
capacity and thermogenic ability, which may lead to the
accumulation of excess energy as fat and to intolerance to
cold in aged animals.

We are grateful to T. Mizuno, T. Suzuki and I. Nakano for technical
assistance and laboratory maintenance.
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